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 ABSTRACT  
Elucidating the Biological Function of PWWP-Domain Containing Protein 
Complexes 
Bharat Duttala Reddy 
In eukaryotes, nuclear DNA is folded with histone proteins in the form of 
chromatin, and this structure plays a critical role in multiple biological processes, 
including development, DNA damage repair, and aging. Post-translational modifications 
of histones, such as acetylation and methylation, are essential regulators of chromatin 
structure and function. Consequently, misregulation of these post-translational 
modifications has causal roles in numerous diseases, including multiple types of cancer. 
However, the mechanisms that direct the localization of histone-modifying enzymes and 
regulate their activities are not fully understood. This thesis focuses on the 
characterization of a class of proteins containing the PWWP domain. This domain is 
often present in chromatin proteins, and it is predicted to recognize methylated histones 
based on structural analysis. Here, we have demonstrated that the PWWP domain 
proteins in fission yeast bind to methylated histones. Additionally, we have shown that 
proteins with this domain form complexes with diverse histone modifying activities to 
regulate multiple cellular processes. 
Methylation of histone H4 lysine 20 (H4K20me) is essential for the activation of 
a DNA damage checkpoint, which blocks the progression of cell cycle to allow sufficient 
time for DNA damage repair. In fission yeast, only the enzyme Set9 catalyzes H4K20me, 
and the mechanisms that underlie the regulation of this protein are poorly characterized. 
Here we showed that Set9 forms a stable complex with the PWWP domain containing 
protein Pdp1. The PWWP domain of Pdp1 binds to H4K20me, demonstrating that the 
PWWP domain constitutes a novel methyl-lysine recognition motif. Moreover, the 
 binding of PWWP domain to methylated H4K20 plays a critical role in regulating Set9 
activity, thus facilitating higher degrees of H4K20 methylation. 
Histone H3K9 methylation is critical for heterochromatin assembly in diverse 
organisms. The RNAi pathway is required for the formation of pericentric 
heterochromatin, although the exact role that RNAi plays in heterochromatin assembly 
remains a topic of significant debate. We discovered that a separate PWWP domain 
protein, Pdp3, forms a stable complex with the H3K14 histone acetyltransferase Mst2. 
Interestingly eliminating the enzymatic activity of the Pdp3-Mst2 complex obviates the 
requirement for the RNAi machinery in pericentric heterochromatin functions. 
Furthermore we demonstrated that one function of RNAi during heterochromatin 
assembly is to exclude the Pdp3-Mst2 complex, thus maintaining low levels of RNA 
polymerase II localization to pericentric regions in order to retain the parental histone 
modification patterns for its passage through generations.  
Altogether, my results have firmly demonstrated that the PWWP domain is a 
novel class of methyl-lysine binding motifs. Moreover, in fission yeast the PWWP 
domain proteins form stable complexes with other chromatin proteins to regulate diverse 
cellular processes. 
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Chapter 1: Introduction 
In 1928 at the University of Hamburg, Emil Heitz developed a staining technique 
he used to visualize chromosomes of Pellia epiphylla (Passarge 1979). He followed 
chromosomes through the cell cycle, and noted that certain parts of chromosomes remain 
darkly stained and condensed throughout interphase, whereas others become invisible as 
they exit mitosis (Brown 1966). He suggested the term heterochromatin for those regions 
that remain stained throughout the cell cycle (Heitz 1928). Fourteen years later, Conrad 
Waddington noted that “between genotype and phenotype, and connecting them to each 
other, there lies a whole complex of developmental processes”(Waddington 1942). He 
suggested the term epigenetics for the study of heritable changes in physical 
characteristics that could not be attributed to changes in the genotype. Although they 
could not have known it at the time, both scientists were describing the inheritance of 
chromatin-based structures from parent cell to daughter cell. The terms 
“heterochromatin” and “epigenetics” are widely used in modern literature1, however, the 
molecular mechanisms of epigenetic inheritance and heterochromatin formation are much 
better defined today. There are a multitude of cellular processes that are transferred 
epigenetically through the regulation of heterochromatin formation, including cell 
differentiation, sex determination, paramutation, imprinting, and even aging. These 
processes are highly dependent on covalent modifications on chromatin, and one of the 
major mechanisms of their transmission is the inheritance of chromatin states from one 
generation to the next.  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  Unfortunately	  Heitz	  never	  had	  the	  opportunity	  to	  see	  how	  much	  credit	  he	  received	  for	  his	  work	  in	  the	  field,	  he	  died	  two	  months	  before	  an	  article	  was	  published	  in	  
Science	  crediting	  his	  early	  work.	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In eukaryotes, nuclear DNA is stored in the form of chromatin, a mix of DNA and 
proteins; this structure constitutes a dynamic platform that can affect many vital nuclear 
processes, including gene regulation, DNA replication, and DNA damage repair 
(Kouzarides 2007). Alterations to chromatin can determine whether or not a gene is 
transcribed, whether cells can efficiently repair DNA damage, and even whether or not a 
cell will undergo apoptosis. One of the ways chromatin structure can be altered is by the 
addition of heritable, covalent modifications. Heterochromatin is a classical example of 
an epigenetic state that is dictated by covalent modifications added to chromatin proteins 
and DNA (Grewal and Jia 2007). The proteins involved in the regulation of 
heterochromatin are of great interest because mutation or misregulation of these proteins 
are linked to multiple types of cancer (Kirschmann, Lininger et al. 2000; Varambally, 
Dhanasekaran et al. 2002). Understanding of the mechanistics involved in epigenetic 
inheritance is essential to developing a better understanding of cancer and other diseases. 
The nucleosome core particle 
The fundamental unit of chromatin is the nucleosome, but it wasn’t until the mid 
1970s that that it was determined that chromatin was composed of a repetitive unit 
(Kornberg and Thomas 1974; Oudet, Gross-Bellard et al. 1975). Roger Kornberg 
performed seminal biochemistry experiments led him to conclude that the four histone 
proteins, H3, H4, H2A, and H2B, form an octamer. Subsequently Oudet et al. used 
electron microscopy to resolve the canonical beads-on-a-string structure now associated 
with the histones (Figure 1.1)2. Since these electron micrographs, multiple 
crystallographic studies have been published further elucidating the structure of the 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2	  Oudet et al. also generated nucleosomes with lambda phage and adenovirus DNA, 
demonstrating that the histones have sequence-independent affinity for DNA.	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nucleosome (Richmond, Finch et al. 1984; Luger 1997; Richmond and Davey 2003). In 
the best-known structure of the nucleosome core particle, Luger et al. reconstituted the 
nucleosome from recombinant histone proteins. Their experiments confirmed Kornberg’s 
key conclusions: the nucleosome is comprised of 146 base pairs of DNA wrapped around 
an octamer of four core proteins (Luger 1997). The octamer itself is composed of a 
heterotetramer and two heterodimers, formed by histones H3 and H4, and H2A and H2B 
respectively (Figure 1.2), in a histone to DNA ratio of about 0.97 (Oudet, Gross-Bellard 
et al. 1975; Kornberg 1977; Luger 1997).  The histone proteins are globular and are 
characterized by a helix-turn-helix motif. It is critical to note that all four core histones 
Cell 
286 
Figure 4A and 6. Electron Micrographs of Chicken Liver Chromatin after Trypsin Digestion of Histone Fl 
Trypsin digestion (30 min) and processing of the samples for electron microscopy examination were as described in Experimental Procedures 
The bar indicates 0.5 Wm. 
Figure 1.1- Chromatin after trypsin digestion of histone H1 (Oudet, Gross-Bellard et 
al. 1975) 
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have long, unstructured N and C- terminal tails that protrudes outside of the nucleosome 
core. 
The histones were initially believed to be inert participants of chromatin structure. 
However, this idea has now been completely discarded, and the histones are known to 
play a critical role in a number of nuclear processes including, but not limited to, gene 
regulation, the DNA damage response, and higher-order chromatin structures. The 
histones and their variants undergo a vast array of post-translational modifications 
(PTMs). Although the core structure of the histones is of critical importance for binding 
DNA, the vast majority of post-translational modifications occur on the unstructured N 
and C terminal tails of the histones. It is these modifications that enable the assembly of 
Figure	  1.2-­‐ A ribbon trace for the nucleosome core particle. The DNA is brown and 
turquoise, histone H3 is blue; histone H4 is green; H2A is yellow; H2B is red (Luger 
1997).	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larger chromosome structures, and the study of these modifications constitutes the bulk of 
the research being performed in the field of epigenetics.  
Post-translational modifications of histones, and regulation of the genome 
There are at least 10 unique types of post-translational modifications that occur on 
histones (Fig. 1.3): lysine acetylation, lysine methylation, arginine methylation, serine 
phosphorylation, tyrosine phosphorylation, lysine ubiquitylation, lysine sumoylation, 
ADP ribosylation, deimination, proline isomerization, and glycosylation (Kouzarides 
2007). There are two ways that proteins directly interact with post-translational 
modifications (PTMs): they can catalyze or remove a modification, and they can bind or 
recognize a modification after it has been made. These proteins are sometimes referred to 
as “writers” and “readers” respectively. Post-translational modifications function both 
directly and indirectly. In the direct model, a PTM affects the chromatin environment in 
and of itself. In the indirect model, a “reader” recognizes and binds the PTM, and this 
reader affects the chromatin environment (Strahl and Allis 2000). Considering that over 
60 different post-translational events have been found on histones, exploring every 
modification and their role in nuclear processes becomes a monumental task. However, 
two well characterized modifications, lysine acetylation and methylation, provide 
paradigms of both direct and indirect mechanisms of PTMs affecting higher-order 
chromatin structure.  
Histone Acetylation 
The presence of acetyl groups on histones was first found in the 1960s (Phillips 
1963; Allfrey, Faulkner et al. 1964; Gershey, Vidali et al. 1968), but it wasn’t until the 
mid-90s that the histone acetyltransferases (HATs) and histone deacetylases (HDACs) 
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were identified (Kleff, Andrulis et al. 1995; Bannister and Kouzarides 1996; Brownell, 
Zhou et al. 1996). The intimate involvement of these proteins in transcriptional regulation 
ignited strong interest in histone modifications. Since then, many more histone 
acetyltransferases and deacetylases have been identified, and they have been found to 
modify a variety of histone residues. These proteins play important roles in chromatin 
compaction (Tse, Sera et al. 1998; Shogren-Knaak, Ishii et al. 2006), histone 
incorporation (Allis, Chicoine et al. 1985; Verreault, Kaufman et al. 1996), 
heterochromatin formation (Suka, Luo et al. 2002; Xhemalce and Kouzarides 2010), and 
the DNA damage response (Ikura, Ogryzko et al. 2000; Masumoto, Hawke et al. 2005).  
Lysine acetylation is catalyzed by several families of lysine acetyl-transferases: 
the GNAT family, the MYST family, the p300 family, and the Rtt109 family (Lee and 
Workman 2007). These families are delineated from one another by their catalytic 
domains. Several prominent members of the GNAT (Gcn5-related-N-acetyltransferases) 
family are conserved throughout all eukaryotes: Hat1, GCN5, and ELP3. The MYST 
family (named for prominent family members Moz/Mof, Ybf2, Sas3, and Tip60) shares 
the acetyl-COA binding motif with the GNAT family, and is conserved throughout all 
eukaryotes. Both of these domains a have different catalytic mechanisms: the GNAT 
family has ordered sequential mechanism involving direct nucleophilic attack(Tanner, 
Trievel et al. 1999; Trievel, Rojas et al. 1999), whereas the MYST family employ a ping-
pong route of catalysis via an acetyl-cytsteine intermediate (Yan, Harper et al. 2002; 
Berndsen, Albaugh et al. 2007)The other two families represent an orphan class of HATs 
as they do not contain sequence homology to other known acetyltransferases (Lee and 
Workman 2007). Typically these acetyltransferases are part of protein complexes; Gcn5 
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functions in the SAGA complex (Grant, Duggan et al. 1997), and all the MYST family 
proteins have been found to function in evolutionarily conserved complexes (Avvakumov 
and Cote 2007; Lafon, Chang et al. 2007; Ullah, Pelletier et al. 2008). These complexes 
can help to target the promiscuous HAT enzymes to particular proteins or regions of the 
chromatin for acetylation (Taverna, Ilin et al. 2006).  
Histone lysine acetylation is typically associated with active transcription 
(Pokholok, Harbison et al. 2005). When exploring how acetylation might directly impact 
chromatin structure to facilitate transcription, it is important to consider the charge of the 
histones and how this affects histone-DNA interactions. The large number of basic 
Figure 1.3- Post-translational modifications observed on the histones. The covalent 
modifications of the amino acids are shown in the box below(Khorasanizadeh 2004).	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residues on histones serves to facilitate histone DNA interactions; these positively-
charged side-chains are electrostatically attracted to the phosphate groups of the 
negatively-charged DNA. In fact, wrapping the DNA into a nucleosome has been shown 
to reduce basal levels of transcription (Lorch, LaPointe et al. 1987; Han and Grunstein 
1988). Acetylation neutralizes the positive charge of lysine residues, resulting in a looser 
configuration, and facilitates transcription factor binding and RNA polymerase read-
through (Tse, Sera et al. 1998). Acetylation	  can	  also	  affect	  nucleosome-­‐nucleosome	  interactions.	  It	  has	  been	  demonstrated	  that	  acetylation,	  namely	  H4K16,	  affects	  the	  ability	  of	  chromatin	  to	  form	  compact	  30nm	  fibers	  (Shogren-­‐Knaak,	  Ishii	  et	  al.	  2006;	  Shogren-­‐Knaak	  and	  Peterson	  2006).	  Alternatively, it has been demonstrated histone 
acetylation can also affect chromatin structure indirectly by recruiting reader proteins.  
Acetylation can recruit factors via protein domains that recognize and bind the 
acetyl-lysine moiety: specifically the bromodomains. Crystallography studies reveal that 
bromodomain adopts an α-helix bundle called the BRD fold (Fig 1.4). This bundle, 
comprised of 4 α-helices, forms a hydrophobic pocket that recognizes and binds acetyl-
lysine (Sanchez and Zhou 2009). Bromodomains can be found in a number of proteins 
and protein complexes, including the HAT coactivator PCAF (Dhalluin, Carlson et al. 
1999) (p300/CREB-binding protein-associated factor) and the TFIID subunit TafII250 has 
a double bromodomain module (Jacobson, Ladurner et al. 2000). Interestingly, the ATP-
dependent chromatin remodeling complexes, SWI /SNF and RSC, both contain a number 
of bromodomain proteins (Hassan, Prochasson et al. 2002; Monahan, Villen et al. 2008). 
This suggests that histone acetylation can affect chromatin structure both directly, by 
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affecting the electrostatic interaction between DNA and the histones, and indirectly, by 
recruiting chromatin-remodeling complexes(Chatterjee, Sinha et al. 2011). 
Despite its well-characterized role in transcription, histone acetylation is 
intimately linked to transcriptional silencing via heterochromatin assembly. In S. 
cerevisiae, there are three specific sites of heterochromatin assembly, the mating type 
locus (Brand, Breeden et al. 1985), the repetitive rDNA regions (Bryk, Banerjee et al. 
1997), and the telomeric regions (Gottschling, Aparicio et al. 1990). Deleting Sas2, a 
MYST-family, H4K16 HAT, results in spreading of heterochromatin from the telomeres 
to adjacent loci (Suka, Luo et al. 2002). This is thought to be a function of the opposing 
effects of Sas2-dependent histone acetylation and Sir2 histone deacetylation. 
Histone Deacetylation 
As histone acetylation typically correlates with active gene transcription 
(Pokholok, Harbison et al. 2005), it should come as no surprise that hypoacetylation and 
histone deacetylase (HDACs) are associated with low levels of transcription and 
heterochromatically silenced regions. In fact, many HDACS were identified as global 
regulators of transcription before their enzymatic activity was discovered. For example 
the first HDAC identified was a homolog of a known yeast transcriptional regulator 
Rpd33 (Taunton, Hassig et al. 1996).   
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  3	  The Schreiber lab took an innovative approach to find the first HDAC. They coupled 
two compounds that were known to function as HDAC inhibitors, trapoxin and 
trichostatin (A Kijima, M., M. Yoshida, et al. (1993). "Trapoxin, an antitumor cyclic 
tetrapeptide, is an irreversible inhibitor of mammalian histone deacetylase." J Biol Chem 
268(30): 22429-22435, Yoshida, M., S. Horinouchi, et al. (1995). "Trichostatin A and 
trapoxin: novel chemical probes for the role of histone acetylation in chromatin structure 
and function." Bioessays 17(5): 423-430.to an affinity matrix, and used affinity 
chromatography to purify HDAC1 from cow protein extracts (Taunton, J., C. A. Hassig, 
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Now, nearly twenty HDACs have been identified in humans, and they can be 
grouped into two evolutionarily-conserved families: the Rpd3/Hda1 family or the sirtuin 
family (Yang and Seto 2008; Aka, Kim et al. 2011). The Rpd3/Hda1 family are Zn2+-
dependent enzymes (Yang and Seto 2008), whereas the Sirtuins were found to be NAD+-
dependent (Imai, Armstrong et al. 2000; Landry, Sutton et al. 2000; Smith, Brachmann et 
al. 2000). Similar to the histone acetyltransferases, HDACs are frequently found in large 
protein complexes. For example, Clr3, an S. pombe protein, is an Rpd3/Hda1 family 
HDAC that forms a stable complex with four other proteins (Sugiyama, Cam et al. 2007), 
and HDAC1/2 have been found in three different stable complexes (Grozinger and 
Schreiber 2002).  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
et al. (1996). "A mammalian histone deacetylase related to the yeast transcriptional 
regulator Rpd3p." Science 272(5260): 408-411. 	  
Figure 1.4- Illustration of acetylation and deacetylation at a lysine residue. (a) A 
KAT catalyzes the transfer of the acetyl moiety from acetyl-CoA to a lysine residue, 
whereas an Rpd3/Hda1 family member removes the acetyl group from an acetyl 
lysine residue, releasing acetate. The activity of the Rpd3/Hda1 family members is 
Zn2+ dependent, and (b) sirtuins are NAD+-dependent enzymes. (Aka, Kim et al. 
2011)	  
	   11	  
Lysine residues can undergo a number of post-translational modifications which 
are mutually exclusive. Histone deacetylation would return a lysine to its native, 
unmodified state, enabling writers to catalyze other PTMs, like lysine methylation.  
Histone methylation 
Histone methylation is a highly dynamic mark associated with a number of 
nuclear processes, including, but not limited to, transcriptional activation, transcriptional 
repression, DNA damage repair, chromatin packaging, and recombination (Martin and 
Zhang 2005; Kouzarides 2007; Greer and Shi 2012). Like acetylation, it is a reversible 
modification that is conserved throughout eukaryotes. Unlike acetylation, different 
methylation events are associated with either active gene transcription or gene silencing. 
While histone methylation has been found on all three basic residues (Murray 1964; 
Byvoet 1972; Byvoet, Shepherd et al. 1972; Webb, Zurita-Lopez et al. 2010), it is best 
characterized on lysines. Unlike acetylation, there are multiple degrees of methylation: 
lysines can be mono, di, and tri methylated (me1, me2, me3). Although mass 
spectrometry studies have identified numerous methylation events (Tan, Luo et al. 2011), 
the most extensively characterized sites of histone lysine methylation are Histone H3 
Lysine4 (H3K4), H3K9, H3K27, H3K36, H3K79, and H4K20 due to their involvement 
in cancers and other diseases.  
There are two families of enzymes that have been found to have histone lysine 
methyltransferase activity: the DOT1-like proteins and the SET domain proteins. The 
Dot1-like proteins specifically catalyze methylation at H3K79, a site found in the 
globular domain (Feng, Wang et al. 2002; Ng, Feng et al. 2002; Min, Feng et al. 2003). 
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The majority of lysine methyltransferases are SET domain proteins, which modify a 
variety of histone lysines.  
The SET domain is evolutionarily conserved throughout all eukaryotes and is 
named after three founding members: Su(var)3-9, Enhancer of Zeste, and Trithorax, all 
identified in drosophila as factors required for development control and position effect 
variegation. Human Suv39h1 and fission yeast Clr4, both homologues of drosophila 
SUV3-9, were the first SET domain proteins to be biochemically characterized as histone 
methyltransferases, and all three enzymes specifically catalyze H3K9 methylation (Rea, 
Eisenhaber et al. 2000).  Subsequently, other SET domain proteins were found to be 
histone methyltransferases (HMTase) as well: Ezh2 is an H3K27 methyltransferase (Cao, 
Wang et al. 2002), Set1/MLL and Set2 methylate H3K4 and H3K36, respectively 
(Briggs, Bryk et al. 2001; Strahl, Grant et al. 2002), and Suv4-20 methylates H4K20 
(Schotta, Lachner et al. 2004). 
Histone lysine methylation was initially believed to be an irreversible 
modification, and there were two models that explained methyl group turnover on 
histones. One was that histone tails were clipped or removed (Allis, Bowen et al. 1980; 
Santos-Rosa, Kirmizis et al. 2009); the other was that the histone was simply replaced 
with a new, unmodified histones (Johnson, Pflugh et al. 2004). Both of these models 
neglect to explore the possibility of dynamic regulation of histone methylation, whereas 
the existence of histone demethylases would. There was preliminary evidence for the 
presence of histone demethylases in that enzymes had been found that could convert 
methylated arginine into citrulline (Cuthbert, Daujat et al. 2004; Wang, Wysocka et al. 
2004). Even more compelling evidence for demethylation was found in decades old 
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research that documented demethylase activity in uncharacterized proteins (Kim, 
Benoiton et al. 1964; Paik and Kim 1973; Paik and Kim 1974). Using a candidate 
approach, the first histone demethylase identified was Lsd1, an FAD-dependent amine 
oxidase (Shi, Lan et al. 2004). However, the chemistry of this reaction dictates that only 
di-methylated lysines can be demethylated. Subsequently, the Jumanji C (JmjC) domain 
proteins were found to be a family of iron-dependent dioxygenases that have demethylase 
activity for tri-methylated lysines (Tsukada, Fang et al. 2006; Whetstine, Nottke et al. 
2006). Such enzymes are generally highly specific for distinct methylated lysine residues. 
Both families are highly conserved from yeast to humans. 
Lysine methylation can be found at sites of active transcription and sites of 
transcriptional repression (Martin and Zhang 2005). Histone H3K4 methylation is 
typically associated with active transcription or transcriptionally poised genes (Ng, 
Robert et al. 2003). H3K36 methylation is similarly associated with active transcription, 
but it tends to be found at the 3’ end of elongating genes(Krogan, Kim et al. 2003; 
Pokholok, Harbison et al. 2005). H3K27 methylation, which only exists in higher 
eukaryotes, is associated with repressed chromatin (Cao, Wang et al. 2002), as are H3K9 
(Greer and Shi 2012) and H4K20 methylation (Kouzarides 2007; Greer and Shi 2012). 
H4K20 methylation is a particularly interesting mark as different degrees have 
been linked to distinct biological pathways: H4K20me3 is enriched with 
transcriptionally-repressed heterochromatin (Schotta, Lachner et al. 2004) and 
H4K20me2 has been linked to DNA damage checkpoint (Sanders, Portoso et al. 2004). 
However, the mechanisms that regulate H4K20 methylation states remain 
uncharacterized. 
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Histone Methylation Readers 
Unlike lysine acetylation, which neutralizes the charge of the basic residue, all 
forms of methylated lysine are cationic at intracellular pH levels, so the primary mode of 
action for methyl-lysine is by the recruitment of PTM readers. The number of sites and 
degree states of lysine methylation dictates the need for a wide variety of proteins capable 
of binding the methyl-lysine moiety. Significantly more protein domains have been 
discovered that are capable of recognizing and binding to methyl-lysine than acetyl-
lysine.  
In the case of tri-methylated lysine, hydrophobic methyl groups surround an 
obligate cation, imposing the need for an interacting partner with similar properties. The 
Royal superfamily of domains, comprised of the PWWP domain, the Chromodomain, the 
Tudor domain, and the MBT domain (Maurer-Stroh, Dickens et al. 2003; Taverna, Li et 
al. 2007), has evolved such attributes. The common feature of these domains is a 
hydrophobic cage of aromatic residues. These side chains interact with the 
methylammonium group, and replacing these residues with non-aromatic amino acids 
results in the loss of methyl-lysine binding. The heterochromatin protein HP1 was the 
first characterized example of chromodomain binding to methylated H3K9 (Fig. 1.5) 
(Bannister, Zegerman et al. 2001; Lachner, O'Carroll et al. 2001).  Interestingly, HP1 had 
long been characterized as localizing to heterochromatin regions, so these papers 
functionally linked H3K9 methylation to heterochromatin, a higher order chromatin 
structure (Eissenberg, James et al. 1990).  
Since the identification of HP1 chromodomain as binder of methylated lysines, a 
number of other the Royal super family proteins were shown to have the ability to 
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specifically bind the methylammonium moiety as well (Greer and Shi 2012). To list a 
few examples: the tandem tudor domains of 53BP1 and Crb2 were demonstrated to bind 
specifically to methylated H4K20 (Botuyan, Lee et al. 2006); and the MBT domain of 
L(3)MTBL has been shown to bind H3K4 methylation (Kim, Daniel et al. 2006). 
However, at the beginning of the work outlined in this thesis, the PWWP domain was 
uncharacterized. Proteins containing these domains are remarkably specific. They 
generally only bind to one substrate, lysines in histones in this case, and not only can they 
delineate between unmethylated and methylated lysines, they can specifically bind 
different degrees of methylated lysine.  In the case of HP1, the protein very specifically 
binds H3K9me2 and H3K9me3, but has no affinity at all for H3K4me3 (Bannister, 
Zegerman et al. 2001; Lachner, O'Carroll et al. 2001; Jacobs and Khorasanizadeh 2002). 
Interestingly, another domain evolved separately to have similar binding specificity to 
methyl-lysine: the plant homeodomain (PHD finger). The first example of this interaction 
was found in ING2 (Pena, Davrazou et al. 2006; Shi, Hong et al. 2006). In a textbook 
example of convergent evolution, the PHD finger also evolved aromatic cages, similar to 
Figure 1.5- Interaction between the HP1 chromodomain and H3K9me tail. (A) 
Stereodiagram showing the H3K9me2 (yellow) and H3K9me3 (orange) in complex 
with the chromodomain (blue and green).(Jacobs and Khorasanizadeh 2002) 	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Royal family proteins, that interact with methylammonium (Pena, Davrazou et al. 2006). 
This specificity of lysine methylation binders enables this mark to be associated with 
regions of both active transcription and transcriptional repression; furthermore, this 
specificity enables individual methylation marks to organize chromosomes into distinct 
structural and functional domains.  
Heritability from one generation to the next is essential for an effect to be 
considered epigenetic, and both acetylation and methylation states can be passed from 
mother to daughter cells. However, cell division poses several unique challenges for the 
inheritance of epigenetic states because it is not just the DNA that needs to be duplicated, 
but the entire structure of chromatin. 
Inheritance of Epigenetic states: Maintenance of Modifications after DNA 
replication 
DNA duplication disrupts chromatin because in order for the replication fork to 
proceed, histones ahead of it must be removed (Gruss, Wu et al. 1993). Replication 
experiments demonstrated that the DNA is refolded into chromatin closely behind the 
replication fork (Herman, DePamphilis et al. 1981). Although it is commonly held that 
the displaced histones are reintegrated into both daughter strands (Campos and Reinberg 
2009), there is some debate as to how the old histones are distributed to daughter strands. 
Moreover, twice as many histones are required because the DNA was duplicated. There 
are two models for the distribution of old and new histones, the random model and the 
semi-conserved model. In the random model, old and new histones are randomly 
deposited on the daughter strands. In the semi-conservative model, the old histones are 
deposited equally into both daughter strands. The random model poses a problem for 
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propagating chromatin structures through division, as PTMs will be distributed randomly 
throughout the genome.  However the semi-conservative model neglects to account for 
the fact that synthesis of the leading and lagging strands is not simultaneous.  Moreover, 
neither model addresses the fact that all PTMs will be diluted two-fold after replication. 
Although there has been no resolution to the two models for histone deposition, an 
Figure 1.6- Models of histone deposition during replication. (A) Random model of 
histone segregation. The histones segregate randomly between the leading and lagging 
replicated DNA strands. (B) Semi-conservative model of histone segregation. The 
parental histones associate with naïve dimers to reconstitute the tetramer. (Margueron 
and Reinberg 2010) 
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example explaining how a modification can be propagated through cell division can be 
found in the function of the HAT Gcn5. 
The GNAT family histone acetyltransferase, Gcn5, contains a bromodomain 
(Jacobson, Ladurner et al. 2000; Bhaumik 2011). In fact it has been demonstrated that 
having both the HAT activity and the bromodomain enables Gcn5 to create a self-
sustaining epigenetic mark (Hassan, Prochasson et al. 2002), a common mechanism in 
the study of epigenetics. In fact, histone H3 lysine 9 methylation, a hallmark of 
heterochromatin, can be propagated by a similar mechanism. In fission yeast, this mark is 
catalyzed by Clr4; interestingly, this enzyme has a chromo domain that specifically binds 
methylated H3K9me (Ivanova, Bonaduce et al. 1998; Thon and Verhein-Hansen 2000; 
Zhang, Mosch et al. 2008). Using the chromodomain, Clr4 can recognize pre-existing 
H3K9 inherited from old histones, and then propagate the mark by methylating nearby 
new histones. Interestingly, both clr4 and its drosophila homolog, Su(var)3-9 (Aagaard, 
Laible et al. 1999), were identified in studies searching for mutations that have Position 
Effect phenotypes (Ekwall and Ruusala 1994; Tschiersch, Hofmann et al. 1994).  
The first example of Position Effect Variegation (PEV) was described in 
drosophila: a chromosomal rearrangement occurs that translocates the white gene for eye 
color such that it is proximal to heterochromatin. Heterochromatin, which is 
transcriptionally repressed, can then spread over the white gene in some eye cell lineages, 
resulting in flies with mottled red and white eyes. This is the classical example of 
Position Effect Variegation (PEV)4, one of the hallmarks of heterochromatin.  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4	  It was the	  Nobel	  laureate	  Herman	  Muller	  who	  discovered that upon X-Ray irradiation 
of the drosophila germline, one of the phenotypes that arose was mottled red and white 
eyes. It wasn’t until the aforementioned functional studies that SET domain proteins 
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Heterochromatin is the classical example of an epigenetic state, and though he did 
not know it at the time, Heitz described the first example of the inheritance of a 
chromatin structure from one generation to the next (Heitz 1928). In addition to being 
maintained through cell division, it can be established de novo. The mechanisms of 
heterochromatin assembly provide an excellent example for the study of how a complex 
chromatin structure can be epigenetically maintained.  
Structural and Biochemical and Characteristics of Heterochromatin 
The ability of heterochromatin to self-propagate and silence DNA in a sequence-
independent manner was an early, defining factor for heterochromatin, but now we have 
identified some other general properties and functions of this higher order chromatin 
structure. Studies confirmed that heterochromatin has highly condensed and ordered 
nucleosomal arrays (Huisinga, Brower-Toland et al. 2006) and that it has low levels of 
transcription (Buhler and Moazed 2007). The heterochromatic domains are usually gene-
poor, but are typified by repetitive DNA elements or transposable elements. Although 
repetitive DNA elements are the frequent target of recombination, formation of 
heterochromatin effectively reduces recombination rates at these regions, thus 
maintaining genome stability (Nakaseko, Adachi et al. 1986). Regions of constitutive 
heterochromatin are also associated with critical chromosome structures, namely the 
telomeres and the centromeres, as well as the developmentally regulated mating-type 
region. Eliminating members of the heterochromatin pathway results in increases in 
transcription at repetitive DNA elements, increased recombination rate, and chromosome 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
could be linked to their mutant phenotypes. The study of chromatin has evolved greatly 
since these early genetic studies, however this seminal research identifying Su(var) genes 
remains the foundation for nearly all subsequent studies.	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segregation defects, (Klar and Bonaduce 1991; Ekwall and Ruusala 1994; Allshire, 
Nimmo et al. 1995). 
Heterochromatin is hypo-acetylated, has high-levels of H3K9 methylation, and 
the chromodomain protein HP1, which specifically binds H3K9 methylation (Bannister, 
Zegerman et al. 2001; Lachner, O'Carroll et al. 2001; Jacobs and Khorasanizadeh 2002). 
The condensed structure, which is refractory to Pol II access and recombination events, is 
thought to be derived from HP1 oligomerization (Cowieson, Partridge et al. 2000; 
Canzio, Chang et al. 2011). In humans and plants, heterochromatin is also typified by 
DNA methylation. However this mark is absent in S. pombe and is only found in low 
levels in Drosophila, although heterochromatin can function effectively in these 
organisms (Grewal and Jia 2007). RNA interference, RNAi, is another pathway that cells 
utilize to reduce transcription. This pathway typically utilizes nuclease activity to destroy 
transcripts once they have been made, but interestingly, it has also been shown to direct 
heterochromatin assembly at repetitive DNA elements.  
Double stranded RNAs can induce silencing pathways in multiple organisms via 
the RNAi pathway. Typically, double stranded RNAs are cleaved into 22-26 nucleotide 
long RNAs, called small interfering RNAs (siRNAs). These siRNAs are then loaded onto 
the RNA-Induced Silencing Complex (RISC). This complex contains Argonaute, a 
protein that can bind siRNAs (Yan, Yan et al. 2003), and in many cases, target mRNA 
cleavage(Liu, Carmell et al. 2004). The siRNAs target the RISC complex to nascent 
transcripts for degradation by complementary base pairing. This process is referred to as 
Post-Transcriptional Gene Silencing (PTGS). In addition to PTGS, the RNAi pathway 
has been linked to heterochromatin assembly in a number of organisms. In Arabidopsis 
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thaliana, mutations in members of the RNAi pathway fail to establish DNA 
methylation(Chan, Zilberman et al. 2004). In Drosophila, loss of RNAi components 
results in a decrease in H3K9 methylation at the pericentric heterochromatin and the 
fourth chromosome (Pal-Bhadra, Leibovitch et al. 2004), and in S. pombe, fission yeast, 
deleting the RNAi pathway components results in a dramatic reduction of H3K9 
methylation, and a loss of silencing at heterochromatic loci (Volpe, Kidner et al. 2002).  
The complexity of the RNAi pathways in higher eukaryotes can complicate 
research. For example, there are 27 Argonautes in C. elegans, 10 in A. thaliana, 8 in 
humans, and 5 in Drosophila(Matzke and Birchler 2005). This level of redundancy can 
make it difficult to use traditional genetic approaches to study this pathway in higher 
eukaryotes. S. cerevisiae, a commonly-used model organism, has neither a canonical 
RNAi pathway nor heterochromatin proteins. Fission yeast, on the other hand, have both 
RNAi and heterochromatin structures very similar to higher eukaryotes. Additionally, it 
is possible to create true gene deletions via targeted homologous recombination in fission 
yeast, and using this same technique, it is also possible to epitope-tag every protein at its 
endogenous location. Moreover, the creation of haploid deletion library in S. pombe 
(Kim, Hayles et al. 2010) has enabled researchers to perform high-throughput genetic 
techniques (Roguev, Wiren et al. 2007). Taken together, these make S. pombe an ideal 
organism for studying RNAi-mediated heterochromatin assembly. 
S. pombe as a model organism 
Fission yeast presents a remarkably facile system for the study of 
heterochromatin. Although frequently compared with budding yeast, the two organisms 
diverged 330-420 million years ago. Reflective of the evolutionary distance between 
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fission and budding yeast, the morphology of the two organisms is remarkably different. 
Whereas S. cerevisiae are like cocci in shape with daughter cells budding from the 
mother, S. pombe are rod-like and divide evenly, resulting in two equal length daughter 
cells immediately after mitosis.  
S. pombe was the sixth model eukaryote to be fully sequenced (Wood, Gwilliam 
et al. 2002). In the course of assembling the fission yeast genome it was found that,  
similar to humans, S. pombe has large tracts of repetitive DNA elements proximal to the 
centromeres (Clarke 1990; Clarke and Baum 1990). These pericentric, repetitive DNA 
elements, along with sequences at the mating type and the sub-telomere regions, all of 
which share sequence homology (Grewal and Klar 1997), are the preferred sites of 
heterochromatin assembly in fission yeast (Grewal and Jia 2007). Moreover, histone 
H3K9 methylation, HP1, and the entire RNAi pathway are all present in S. pombe, and 
there are none of the redundancies that trouble biologists working in higher eukaryotes 
(there is only one copy of Argonaute, Dicer, and the H3K9 methyltransferase in fission 
yeast). Coupled with the genetic technologies available, these attributes make fission 
yeast ideal for the study of RNAi-mediated heterochromatin assembly. 
RNAi-mediated Heterochromatin assembly at S. pombe pericentric repeats 
The hallmarks of heterochromatin are H3K9 methylation and the subsequent 
accumulation of HP1 protein, which is a highly conserved process. H3K9 methylation 
mediated recruitment of HP1 forms a dynamic platform to recruit diverse factors to 
execute heterochromatin related functions. Only one enzyme, Clr4, catalyzes H3K9me in 
fission yeast, which is essential for heterochromatin assembly (Nakayama, Rice et al. 
2001; Grewal 2010). How Clr4 is targeted to repetitive DNA element is under intensive 
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study. Clr4 forms a stable complex with Cul4, Rik1, Raf1 and Raf2, which is a E3 
ubiquitin ligase complex (Horn, Bastie et al. 2005; Jia, Kobayashi et al. 2005; Li, Goto et 
al. 2005; Thon, Hansen et al. 2005). Cul4 is a cullin-family protein (Jia, Kobayashi et al. 
2005), Rik1 is related to human DNA damage binding protein DDB1, which an adaptor 
protein for Cullin 4. Raf1 is a WD40 repeat containing protein similar to the DCAFs that 
recognizes substrates for ubiquitination (Buscaino, White et al. 2012),  The complex has 
ubiquitin ligase activity in vitro, and abolishing the ubiquitin ligase activity affects 
heterochromatin assembly. However, no physiological substrate has yet been identified. 
Even artificially targeting Clr4 to DNA still requires Cul4-Rik1 for H3K9 methylation 
(Kagansky, Folco et al. 2009), suggesting that Cul4-Rik1-mediated ubiqutination is 
required for Clr4 enzymatic activity rather that its proper targeting.  
Figure 1.7- Proteins complexes associated with RNAi-mediated heterochromatin 
assembly in fission yeast. Complexes containing known RNAi components are 
shaded in yellow, complexes interacting directly with chromatin are shaded in pink. 
Heterochromatin Protein 1 (HP1) homologues are shaded green. (Goto and Nakayama 
2011) 
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DNA binding proteins recruit heterochromatin assembly factors to form 
facultative heterochromatin to regulate gene expression. They can also recruit 
heterochromatin assembly factors to repeat rich regions within constitutive 
heterochromatin, such as Atf1/Pcr1 at the mating type region(Jia, Noma et al. 2004) and 
Taz1 at subtelomeres(Kanoh, Sadaie et al. 2005). However, the repeats, even without 
binding sites for these proteins, can still initiate heterochromatin assembly. Work from 
drosophila showed that transgene multimerization induces silencing in a copy number 
dependent manner, and in plant transgenes can also induce silencing of endogenous 
genes. These results suggest that the repetitive nature, but not specific DNA sequence, is 
sufficient for heterochromatin formation (Dorer and Henikoff 1994). The discovery of the 
RNAi machinery involvement in heterochromatin assembly creates excitement as it 
offers a potential mechanism to target any DNA repeats for heterochromatin assembly 
(Volpe, Kidner et al. 2002).  Before	  taking	  a	  detailed	  look	  at	  the	  underlying	  mechanisms	  of RNAi- 
mediated heterochromatin, it is helpful to have a	  brief	  overview	  of	  the	  whole	  current	  model	  (Fig.	  1.8). Although heterochromatin represses transcription, the underlying 
repeats are, nonetheless, transcribed by RNA PolII (Djupedal, Portoso et al. 2005; Kato, 
Goto et al. 2005). RNA dependent RNA polymerase complex converts transcripts to 
double stranded RNA, dsRNA (Motamedi, Verdel et al. 2004; Sugiyama, Cam et al. 
2005).  These dsRNAs are bound and cleaved into siRNAs by Dicer, Dcr1 (Volpe, 
Kidner et al. 2002). The siRNAs are loaded onto the ARC complex, comprised of Ago1 
(an Argonaute homolog), Arb1, and Arb2 (Buker, Iida et al. 2007). Ago1 and the siRNAs 
are then loaded onto the RNAi-Induced Transcriptional Silencing complex, RITS, 
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comprised of Ago1, Tas3, and Chp1 (Verdel, Jia et al. 2004).  This complex is targeted to 
nascent centromeric transcripts and recruits the CLR-complex, the aforementioned H3K9 
methyltransferase complex, to pericentric heterochromatin via Stc1(Bayne, White et al. 
2010). Clr4 methylates histone H3 Lysine 9, and Swi6, an HP1 homolog, binds to this 
methylation event (Bannister, Zegerman et al. 2001; Jacobs, Taverna et al. 2001; 
Lachner, O'Carroll et al. 2001; Nakayama, Rice et al. 2001). Swi6 oligomerizes and 
recruits SHREC, which contains chromatin-remodeling activity, to result in further 
compaction of the chromosome at this region (Sugiyama, Cam et al. 2007; Canzio, Chang 
et al. 2011). Although deleting any member of these complexes results in a number of 
deleterious phenotypes associated with a loss of heterochromatin (chromosome 
Figure	  1.8-­‐	  Model	  of	  RNAi-­‐mediated	  heterochromatin	  assembly	  in	  S.	  pombe.	  Nascent	  transcripts	  are	  degraded	  by	  an	  RNAi-­‐induced	  transcriptional	  silencing	  (RITS)	  complex	  that	  also	  binds	  to	  H3K9me	  via	  Chp1.	  RDRC	  synthesizes	  dsRNA	  from	  the	  transcripts.	  These	  are	  cleaved	  into	  siRNAs	  by	  Dcr1.	  The	  siRNAs	  are	  bound	  by	  Argonaute	  siRNA	  chaperone	  (ARC).	  These	  siRNAs	  are	  then	  loaded	  back	  into	  RITS.	  RITS	  recruits	  the	  CLR4	  complex	  (CLRC)	  through	  Stc1.	  CLRC	  can	  also	  associate	  with	  H3K9me	  via	  the	  chromodomain	  on	  Clr4	  in	  a	  RITS	  independent	  manner.	  (Goto	  and	  Nakayama	  2011)	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segregation defects, increased transcription, and increased meiotic recombination rates), 
each subunit of these complexes has unique functionality.  
The genetic link between siRNA production and heterochromatin was established 
soon after Clr4 was determined to be an HMTase (Rea, Eisenhaber et al. 2000; 
Nakayama, Rice et al. 2001; Volpe, Kidner et al. 2002), but the link between the RNAi 
pathway and Transcriptional Gene Silencing (TGS) remained elusive until the discovery 
of the RITS complex a few short years later (Verdel, Jia et al. 2004). This protein 
complex is comprised of siRNAs, Argonaute (Ago1), the chromodomain protein Chp1, 
and Tas3. In a wild type background, this complex localizes to the pericentric regions, 
moreover, deep sequencing analysis determined that the majority of the siRNAs bound to 
Ago1 are derived from repetitive elements at the pericentric regions(Buhler, Spies et al. 
2008). In dcr1∆, siRNA production is absent, and while the RITS protein complex 
remains intact, it is delocalized from the pericentric DNA. Moreover, there is a reduction 
in H3K9 methylation and Swi6 levels at these sequences. This data suggested that 
siRNAs targets Clr4 to the pericentric repeats via the RITS complex, but the absence of a 
physical link between the RNAi pathway and TGS created controversy as to the exact 
role RNAi had in heterochromatin assembly.  
 The presence of a chromodomain that binds H3K9 methylation in Chp1 
(Partridge, Scott et al. 2002) suggested the possibility that H3K9 methylation might 
recruit the RITS complex as opposed to the reverse. Subsequent papers put forth a 
compelling argument in support of this idea (Partridge, DeBeauchamp et al. 2007; 
Shanker, Job et al. 2010), and when a physical link was found between RITS and the 
CLRC, this further obfuscated the story. Stc1, a LIM family protein, physically associates 
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with both complexes, effectively providing the molecular bridges between H3K9 
methylation and RNAi (Bayne, White et al. 2010). However, this paper did not provide 
evidence as to which comes first, RNAi or H3K9me. 
In addition to recruiting the ClrC, the RITS complex also recruits the RNA 
Dependent RNA Polymerase Complex (RDRC) to the pericentric repeats (Motamedi, 
Verdel et al. 2004; Sugiyama, Cam et al. 2005). This complex is comprised of Hrr1, an 
RNA helicase, Cid12, a Poly-A polymerase, and Rdp1, an RNA-dependent RNA 
polymerase. The RDRC has RDRP activity in vitro, and eliminating this activity disrupts 
siRNA production and heterochromatin formation in vivo(Motamedi, Verdel et al. 2004; 
Sugiyama, Cam et al. 2005). This complex associates with the RITS complex in a Dcr1- 
and ClrC- independent manner, and it has been suggested that this complex is targeted to 
nascent transcripts at the pericentric repeats via this interaction (Motamedi, Verdel et al. 
2004). The RDRC would then create dsRNA necessary for recognition and cleavage by 
Dcr1.  
The biogenesis of siRNAs is entirely dependent on Dicer, an endonuclease with 
specific activity towards dsRNAs. The fission yeast Dicer, encoded by dcr1, strongly 
resembles that found in higher eukaryotes; it encodes a protein with an N-terminal 
helicase domain, a DUF283 domain, a platform domain, a PAZ-like domain, two 
RNaseIII domains, a dsRNA-binding domain, and C-terminal sequence critical for its 
function and localization(Barraud, Emmerth et al. 2011). Similar to higher eukaryotes, 
dcr1 encodes a protein that binds to dsRNA and endonucleotlytically cleaves them into 
fragments 22-23 nucleotides long (siRNAs). Contrary to higher eukaryotes where RNAi 
functions primarily in the cytoplasm, the nuclear localization of Dcr1 is critical for 
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heterochromatin formation in S. pombe (Emmerth, Schober et al. 2010). Mutating Dcr1 
activity also affects heterochromatin assembly by eliminating siRNA formation. 
Heterochromatin assembly can be separated into two interconnected steps, 
establishment and maintenance. Evidence for this delineation can be found at the mating 
type locus. The S. pombe mating type locus is a 20kb domain containing the mat2 and 
mat3 donor loci bookending a non-coding locus that has 98% sequence identity with the 
pericentric repeats (Grewal and Klar 1997). This entire region undergoes recombinational 
repression and transcriptional silencing via heterochromatin (Grewal and Jia 2007). 
Similar to pericentric heterochromatin, this entire region is enriched for H3K9 
methylation and Swi6. Unlike the pericentric regions, eliminating members of the RNAi 
pathway does not affect the maintenance of heterochromatin structures at this region and 
RNAi mutant cells have no loss of enrichment of H3K9 methylation and Swi6 (Hall, 
Shankaranarayana et al. 2002). However, RNAi-mutant strains cannot re-establish mating 
type heterochromatin if it is disrupted (Hall, Shankaranarayana et al. 2002; Jia, Noma et 
al. 2004). This leads to a model wherein the RNAi might have dual functions in 
heterochromatin assembly: establishment and maintenance. At the mating type region, 
RNAi is only essential for the establishment of these highly condensed structures, 
however, at the pericentric regions, RNAi is critical for both the establishment and 
maintenance. The duality of heterochromatin maintenance and establishment only 
becomes more apparent with the discovery of transcription factors that specifically play a 
role in the establishment of heterochromatin in the mating type region (Jia, Noma et al. 
2004). A model in which the RNAi pathway is essential for the establishment of 
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heterochromatin is remarkably apropos when considered in light of cell-cycle dependent 
transcription.   
In elucidating the known mechanisms of RNAi mediated heterochromatin 
assembly, it becomes apparent how truly paradoxical this system is: PolII transcribes the 
repetitive DNA elements, those transcripts are converted into siRNA, the siRNAs target 
RITS, RITS recruits the RDRC, the RDRC makes double stranded RNA, which is 
cleaved by Dcr1 into siRNAs, which targets RITS, this targets H3K9me via the CLRC, 
this triggers heterochromatin assembly, and this prevents PolII transcription. However, 
the need for a cyclical pathway becomes obvious when heterochromatin assembly is 
considered within the context of the cell-cycle.  
DNA replication provides a unique challenge to heterochromatin structures. DNA 
polymerase read-through can be catastrophic to highly compact heterochromatin 
structures, and highly enriched heterochromatin markers are diluted between two 
daughter chromosomes. While the highly compact structure is normally refractory to 
PolII-transcription, DNA replication disrupts the structure enough to facilitate 
transcription. Consistent with this idea, cell-cycle dependent transcription of these 
repetitive elements has been found in S. pombe and higher eukaryotes (Lu and Gilbert 
2007; Chen, Zhang et al. 2008; Lu and Gilbert 2008). Interestingly, Heitz noted that the 
darkly stained regions of the chromosome briefly loosen near the onset of cell division. 
This loosening, described over 80 years ago, could be attributed this transcriptional burst 
which is now thought to be critical for maintaining dense heterochromatin structures 
(Heitz 1928; Brown 1966). In an apparent paradox, it is believed that the RNAi 
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machinery utilizes this cell cycle dependent transcription to nucleate heterochromatin 
after DNA replication. 
Transcription and alternative mechanisms of Heterochromatin initiation 
Since establishing that transcription is critical for initiating heterochromatin 
assembly, researchers sought to describe the initiation step of heterochromatin assembly 
in fission yeast. There are several competing models for the role of transcription of 
heterochromatin. In one model, bidirectional transcription of the pericentric repeats 
(Volpe, Kidner et al. 2002) results in dsRNAs that are targeted for degradation into 
siRNAs by Dcr1, thus targeting the RNAi machinery. In support of this model is work 
demonstrating that mutations to PolII that affect siRNA production can affect 
heterochromatin assembly (Djupedal, Portoso et al. 2005). While this model is appealing 
in its simplicity, its inability to distinguish dsRNA production due to Watson and Crick 
transcription from that due to RDRC dependent transcription presents an inherent flaw. 
An alternative model seeks to incorporate the RDRC by suggesting that it recognizes 
some feature in the centromeric sequence thus catalyzing the formation of the dsRNA. 
Yet a third model suggests that centromeric transcripts fold into secondary structures, and 
that these structures are targeted for degradation by Dcr1 (Djupedal, Kos-Braun et al. 
2009). However it is difficult to reconcile the high-levels of siRNAs corresponding to the 
pericentric repeats found associated with Ago1 (Buhler, Spies et al. 2008) with this 
model.  
A model gaining some momentum has the RNA surveillance machinery acting 
upstream of the RNAi pathway. In a surprising finding, small RNAs were still found in 
cells that lacked key components of RNAi, dcr1∆ and rdp1∆; these sRNAs, which were 
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called priRNAs, were primarily derived from the pericentric repeats (Halic and Moazed 
2010). In the absence of dcr1 or the RDRC these priRNAs are found associated with 
Ago1. At the time these were found, it was believed that transcriptome surveillance 
machinery generated these small RNA species. Subsequent studies have confirmed that 
the RNA surveillance machinery places a critical role in the formation of facultative 
heterochromatin at meiotic genes (Hiriart, Vavasseur et al. 2012; Zofall, Yamanaka et al. 
2012). In spite of these studies, there is still no clear mechanistic or physical link between 
the RNA surveillance machinery and heterochromatin assembly.  
Future Lines of Inquiry 
Despite all the research that has gone into exploring the role that the RNAi 
pathway plays in heterochromatin assembly, many important questions remain. Since it 
was first described in 1928, heterochromatin has often been presented as one of the 
classical examples of a self-perpetuating epigenetic state, however, the molecular 
mechanisms underlying this self-perpetuation are not well-understood. It has been 
proposed that the distribution of parental histones, which contain H3K9me, after the 
replication fork can serve as seed to recruit H3K9 methyltransferase to methylate the 
newly deposited histones. However, it has been demonstrated that during DNA 
replication, heterochromatin is also transcribed, and this would be disrupt the distribution 
of parental histones (Chen, Zhang et al. 2008; Zaratiegui, Castel et al. 2011). If every cell 
cycle, heterochromatin is fully disrupted by DNA replication and re-established de novo 
by RNAi, can it conclusively be stated that the heterochromatin structure is inherited 
from one generation to the next? Experimental evidence demonstrating that 
heterochromatin can be maintained through several generations in the absence of the 
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RNAi pathway is critical to demonstrate that this highly-condensed structure is indeed 
inherited epigenetically. 
Another question arises around the role that the RNAi pathway plays in 
heterochromatin maintenance at the pericentric region. At the mating type locus, RNAi is 
essential for establishing heterochromatic structures, but is dispensable for 
heterochromatin maintenance, due in part to redundant pathways (Jia, Noma et al. 2004). 
However, at the pericentric regions, heterochromatin is lost in the absence of RNAi- this 
suggests dual roles for RNAi in both the establishment and maintenance of 
heterochromatin. This maintenance function for the RNAi pathway requires further 
elucidation. 
Although the genetic requirement of RNAi in heterochromatin assembly is clear, 
a causal link between siRNAs and heterochromatin assembly remains absent. All 
attempts to nucleate heterochromatin assembly via siRNAs at an ectopic locus have either 
failed(Sigova, Rhind et al. 2004), or required specialized conditions (Buhler, Verdel et al. 
2006). Even when it works, the efficiency is extremely low. These difficulties prevent 
biochemical analysis of RNAi-mediated heterochromatin establishment. This missing 
experiment generates controversy within the field, enabling researchers to cast doubt onto 
the validity of RNAi initiated heterochromatin assembly. These researchers alternatively 
suggest that it acts merely as a downstream step essential for heterochromatin stability 
(Shanker, Job et al. 2010). This experiment linking siRNA to heterochromatin assembly 
is necessary for the field to advance. 
Although the link between transcription, RNAi, and heterochromatin assembly is 
well established in several different organisms(Chan, Zilberman et al. 2004; Pal-Bhadra, 
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Leibovitch et al. 2004; Matzke and Birchler 2005), in mammals this link is still tenuous. 
Although the genetic requirement of RNAi for heterochromatin functions seems to be 
established, whether siRNA can directly induce heterochromatin assembly in humans is 
still a controversy. For example a study demonstrated that loss of Dicer in chicken and 
murine embryonic stem cells results in an accumulation of centromeric transcripts and 
chromosome segregation defects(Fukagawa, Nogami et al. 2004; Kanellopoulou, Muljo 
et al. 2005). Particularly compelling evidence comes from the fact that the pericentric 
regions of murine chromosomes, which are similar in structure to those in fission yeast, 
are transcribed in a cell cycle dependent manner (Lu and Gilbert 2007). However, a linear 
relationship between RNAi and heterochromatin has yet to be established in mammalian 
systems. 
The pervasive involvement of transcription and RNAi in heterochromatin 
assembly, was unknown until relatively recently. RNAi mediated chromatin modification 
appears to be a conserved pathway among eukaryotic organisms. However, there remains 
some ambiguity as to the exact role this pathway plays in the epigenetic maintenance of 
heterochromatin. Future experimentation should help conclusively demonstrate the 
function RNAi in the maintenance of heterochromatin.  
There a number of questions that remain to be addressed in the field of 
epigenetics; the following two chapters explore two particular gaps in our knowledge. In 
Chapter 2, we explore the role of that the PWWP domain protein Pdp1 plays in 
catalyzing H4K20 methylation. We determine that this protein bind mono-methylated 
H4K20 and this provide the first example that the PWWP domain is a methyl-lysine 
binding motif. Subsequently we studied other PWWP domain proteins, which led to the 
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identification of the Mst2 complex(Wang, Kallgren et al. 2012).  In Chapter 3, we 
describe the characterization of the Mst2 complex and its ability to regulate RNAi 
mediated heterochromatin assembly. We found that by eliminating mst2 activity, we 
could bypass the role of the RNAi pathway in maintaining heterochromatin structures. 
This result demonstrates that the RNAi pathway plays a role in the maintenance of 
heterochromatin at the pericentric region. More importantly, it proves that 
heterochromatin does not need to be nucleated after each cell cycle, that it is self-
maintaining, and that it can be epigenetically inherited from one generation to the next. 
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Summary 
Methylation of histone H4 lysine 20 (H4K20me) is essential for recruiting 
checkpoint proteins 53BP1/Crb2 to DNA lesions and subsequent activation of a DNA 
damage checkpoint. In fission yeast, Set9 (spKMT5) catalyzes mono-, di- and tri-
methylation of H4K20. However, the mechanisms that regulate Set9 function are poorly 
understood. Here we identified a PWWP domain protein Pdp1 as a Set9-associated 
factor. Pdp1 binds to histones and is required for Set9 chromatin localization. Yeast cells 
without Pdp1 were deficient in all three states of H4K20me, sensitive to genotoxic 
treatments, and impaired in Crb2 recruitment. The PWWP domain of Pdp1 binds to 
H4K20me, and mutations within the PWWP domain that abrogated this interaction in 
vitro reduced both the association of Set9 with chromatin and the extent of H4K20me in 
vivo. These results demonstrate that the PWWP domain is a new methyl-lysine 





In eukaryotic cells, genomic DNA is folded with histone and non-histone proteins 
into chromatin. The building block of chromatin is the nucleosome, which contains 146 
base pairs of DNA wrapped around an octamer of histones (two each of H2A, H2B, H3 
and H4) (Luger et al., 1997). Covalent modification of histones and DNA along with 
chromatin remodeling are essential features of an intricate epigenetic system for the 
regulation of chromatin structure and function. These epigenetic modifications not only 
affect compaction of DNA in the nucleus, but also play important regulatory roles in 
almost every aspect of DNA metabolism including transcription, replication, 
recombination and DNA repair (Berger, 2007; Downs et al., 2007; Groth et al., 2007; 
Kouzarides, 2007; Li et al., 2007). 
Lysine methylation is one of the most intriguing histone modifications due to its 
remarkable specificity (Martin and Zhang, 2005). It is detected on many histone lysines, 
each of which can be mono-, di- or tri-methylated (me1, me2 and me3, respectively). 
These highly conserved modifications normally cluster within specific regions of the 
genome to organize chromosomes into distinct structural and functional domains. For 
instance, H3K4me (methylation of histone H3 lysine 4) is usually associated with 
actively transcribed genes, whereas H3K9me is enriched at transcriptionally repressed 
heterochromatin structures (Litt et al., 2001; Noma et al., 2001). In addition to controlling 
gene expression, H3K79me and H4K20me are required for efficient recruitment of 
checkpoint proteins 53BP1/Crb2 to sites of DNA damage (Botuyan et al., 2006; Du et al., 
2006; Huyen et al., 2004; Sanders et al., 2004). The subsequent activation of DNA 
damage checkpoints transiently arrests the cell cycle to allow DNA repair, thus 
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preventing the propagation of DNA lesions (Rouse and Jackson, 2002; Zhou and Elledge, 
2000). 
The distinct distribution profiles of various histone lysine methylations across 
genomes suggest that the enzymes that catalyze histone lysine methylation, the histone 
methyltransferases (HMTases), are tightly regulated. Indeed, many HMTases form highly 
conserved complexes with other chromatin proteins to regulate their localization or 
activities. For example, the E3 ubiquitin ligase complex Cul4-Rik1 associates with the 
H3K9 HMTase Clr4 and regulates its localization to repetitive DNA elements to establish 
heterochromatin (Hong et al., 2005; Horn et al., 2005; Jia et al., 2005). The H3K27 
HMTase E(Z)/EZH2 forms the polycomb repressive complex 2 (PRC2) that includes 
ESC/EED and SU(Z)12, which are essential for its HMTase activity (Cao et al., 2002; 
Czermin et al., 2002; Kuzmichev et al., 2002; Muller et al., 2002). In some cases, the 
associated proteins also regulate the processivity of HMTases. For instance, the 
association of mAM with ESET/SETDB1 is required for trimethylation of H3K9, and 
WDR5 of the MLL complexes is essential for trimethylation of H3K4 (Wang et al., 2003; 
Wysocka et al., 2005).  
The methylation of H4K20 is involved in a diverse array of cellular processes 
such as organizing higher-order chromatin, maintaining genome stability, and regulating 
cell cycle progression (Fang et al., 2002; Julien and Herr, 2004; Karachentsev et al., 
2005; Nishioka et al., 2002; Rice et al., 2002; Sakaguchi and Steward, 2007; Schotta et 
al., 2004). Multiple enzymes in higher eukaryotes catalyze H4K20me. PR-Set7/Set8 is 
responsible for H4K20me1 (Couture et al., 2005; Fang et al., 2002; Nishioka et al., 2002; 
Xiao et al., 2005), whereas Suv4-20hs are responsible for H4K20me2 and H4K20me3 
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(Schotta et al., 2004; Schotta et al., 2008; Yang et al., 2008). In contrast, in fission yeast 
Schizosaccharomyces pombe, Set9 is the sole enzyme that catalyzes all three states of 
H4K20me (Sanders et al., 2004) and Set9-mediated H4K20me is required for efficient 
recruitment of checkpoint protein Crb2 to sites of DNA damage (Du et al., 2006; Sanders 
et al., 2004). This process is highly conserved with the recruitment of 53BP1 (a Crb2 
homologue) in mammals (Botuyan et al., 2006). Structural analysis of 53BP1 and Crb2 
indicate that they both recognize H4K20me2/H4K20me1, but not H4K20me3, because 
their binding cavities contain four aromatic residues that prevent the binding of the 
bulkier tri-methylated form (Botuyan et al., 2006). Indeed, biochemical studies 
demonstrated that 53BP1/Crb2 associates only with H4K20me1 and H4K20me2 
(Botuyan et al., 2006; Greeson et al., 2008; Kim et al., 2006), and only H4K20me2 is 
involved in the recruitment of Crb2 (Greeson et al., 2008). However, the mechanism that 
regulates Set9 to perform different degrees of H4K20me is poorly understood. 
To gain insights into the mechanism underlying the regulation of Set9, we affinity 
purified Set9 complex from fission yeast. We found an uncharacterized PWWP (proline-
tryptophan-tryptophan-proline) domain-containing protein, Pdp1 (PWWP domain protein 
1), that associates with Set9 and is required for all three states of H4K20me. We 
demonstrated that Pdp1 interacts with histones and regulates the association of Set9 with 
chromatin. The PWWP domain belongs to the Royal family (Maurer-Stroh et al., 2003). 
Members of this family also include Tudor, chromo and MBT domains, which use 
aromatic residues to form hydrophobic cavities to interact with methylated histones or 
chromatin proteins (Maurer-Stroh et al., 2003; Ruthenburg et al., 2007). We discovered 
that the PWWP domain of Pdp1 binds to H4K20me in vitro and in vivo. Furthermore, 
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mutations of two conserved aromatic residues in a hydrophobic cavity of the PWWP 
domain abolished this interaction and resulted in the selective loss of H4K20me3 in vivo, 
establishing that the PWWP domain is a methyl-lysine recognition motif. 
Results 
Purification of Set9 complex 
To elucidate the mechanism that regulates Set9 function, we generated a yeast 
strain expressing Set9-Flag driven by its natural promoter from the endogenous 
chromatin environment. Set9-Flag cells did not show defects in survival after UV 
treatment and retain H4K20 methylation (Fig. 2.1A and Fig. 2.S1), indicating that Set9-
Flag is functional. Affinity purification with Flag resin revealed two protein bands that 
were specifically present in the Set9-Flag purified fraction but were absent in the 
untagged control fraction (Fig. 2.1B). Mass spectrometry analysis of gel-excised bands 
identified the protein with a relative molecular mass of 55 KDa as Set9, which was 
confirmed by Western blot analysis (Fig. 2.1C). The protein with a molecular weight of 
~40 KDa was identified as SPBC29A3.13, an uncharacterized PWWP domain protein, 
which we named Pdp1. In addition, mass spectrometry analysis of the Set9-Flag complex 
by MudPIT analysis (Multidimensional Protein Identification Technology) (Washburn et 
al., 2001) also identified Pdp1 and Set9 as major components of the complex (Fig. 2.1D).  
To confirm the interaction between Pdp1 and Set9 in vivo, we generated strains 
expressing functional Flag-Pdp1 and Set9-myc at their native chromosomal loci (Fig. 
2.S1). When protein extracts from cells expressing both Set9-myc and Flag-Pdp1 were 
used to perform immunoprecipitation analysis, Set9-myc coimmunoprecipitated with 
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Flag-Pdp1 (Fig. 2.2A). In addition, we could immunoprecipitate endogenous Set9 with 
Flag-Pdp1 (Fig. 2.2B).  
Because Pdp1 is the only protein present in stoichiometric amount with Set9 as 
indicated by Coomassie staining and MudPIT analysis (Fig. 2.1B and 1D), we examined 
whether these two proteins associate with each other directly using a GST pull-down 
assay. We found that 35S-labled Pdp1 was retained by GST-Set9 resin but not control 
resin with only the GST moiety (Fig. 2.2C). Meanwhile, a control Luciferase (Luc) 
Figure 2.1. Pdp1 associates with Set9. (A) Serial dilution plating assays were 
performed to measure the survival of yeast strains after treatment with indicated doses 
of UV. (B) Extracts prepared from wild type and Set9-Flag strains were used to 
perform affinity purification with anti-Flag resin, resolved by SDS-PAGE, and stained 
with	
Coomassie blue. The identity of protein bands, as determined by mass 
spectrometry, is indicated on the right. (C) A portion of the samples, as in (B), was 
subjected to Western blot analysis with Flag antibody. (D) Mass spectrometry analysis 
of proteins associated with Flag-Set9. The number of peptides, as well as the 
percentages of each protein these peptides cover are indicated. (E) Schematic 
diagrams of Set9 and Pdp1. The SET and PWWP domains are indicated.  
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protein did not interact with GST-Set9 (Fig. 2.2C), demonstrating that the interaction 
between Set9 and Pdp1 is specific.  
Since Pdp1 interacts directly with Set9, we also mapped the domain in Pdp1 that 
is responsible for this interaction. Interestingly, a fragment of Pdp1 that contains only the 
PWWP domain (Pdp1-N) failed to interact with GST-Set9 (Fig. 2.2D), although the 
PWWP domain has been proposed to mediate protein-protein interactions (Stec et al., 
2000). Instead, sequences C-terminal to the PWWP domain of Pdp1 (Pdp1-C) interacted 
with GST-Set9 (Fig. 2.2D). 
Pdp1 is essential for H4K20 methylation 
Figure 2.2. Pdp1 interacts with Set9 in vivo and in vitro. (A, B) Protein extracts 
prepared from the indicated strains were immunoprecipitated with anti-Flag resin and 
analyzed by Western blot analysis with indicated antibodies. WCE, whole cell extract. 
* represents a non-specific band. (C) Top, in vitro translated and 35S-labeled Pdp1 and 
Luciferase (Luc) were incubated with GST or GST-Set9 immobilized on glutathione 
beads and washed extensively. The eluted proteins were resolved by SDS-PAGE and 
imaged by autoradiography. Bottom, purified GST and GST-Set9 were resolved by 
SDS-PAGE and stained with	
Coomassie blue. (D) Top, Schematic diagrams of the 
fragments of Pdp1 used. Bottom, GST pull-down assays were performed as in (C). 
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The interaction between Pdp1 and Set9 suggests that Pdp1 might affect Set9-
mediated H4K20 methylation. Indeed, Western blot analysis of cell extract prepared from 
Pdp1∆ strains showed complete loss of mono-, di- and tri- methylation of H4K20, a 
phenotype identical to that of set9∆ strains (Fig. 2.3A). Set9 protein levels were not 
affected by the loss of Pdp1 (Fig. 2.3B), indicating that Pdp1 regulates the localization or 
activity of Set9 rather than controlling Set9 stability.  
Because the histone methyltransferase activity of Set9 is extremely weak in vitro 
(data not shown, as noted in an earlier study (Sanders et al., 2004)), we were unable to 
analyze the effect of Pdp1 on Set9 activity. To examine whether Pdp1 is critical for the 
recruitment of Set9 to chromatin, we generated a yeast strain expressing H2B-Flag at its 
endogenous chromosomal locus. Cell extracts from H2B-Flag strains were sonicated to 
fragment chromatin to an average size of 1 kb and affinity purified with anti-Flag resin to 
isolate nucleosomes. We found that Set9 was immunoprecipitated with the nucleosomes, 
but its association was abolished in the absence of Pdp1 (Fig. 2.3C). We also isolated 
mononucleosomes by micrococcal nuclease digestion and found that the interaction of 
Set9 with nucleosomes was also abolished in pdp1∆ cells, thus ruling out the possibility 
that Set9 was associating with higher order chromatin structures imposed by Pdp1 (Fig. 
2.S3). 
The requirement of Pdp1 for Set9 localization indicates that Pdp1 might directly 
interact with histones. Consistent with this idea, MudPIT mass spectrometry analysis of 
affinity purified Flag-Pdp1 identified all of the four core histones (data not shown). 
Furthermore, when GST-Pdp1 was incubated with HeLa histone octamers, it selectively 
interacted with histone H3 and H4, which possibly reflect H3/H4 tetramers (Fig. 2.3D). 
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Pdp1 is necessary for DNA damage checkpoint activation 
In fission yeast, DNA damage activates the sensor kinase Rad3-Rad26 complex 
(ATR-ATRIP in mammals) (Carr and Casprari, 2003). Rad3 then phosphorylates and 
activates the effector kinase Chk1, which further triggers a delay in G2-M transition (Carr 
and Casprari, 2003; Walworth and Bernards, 1996). Set9-mediated H4K20 methylation is 
required for Chk1 phosphorylation to activate the G2-specific DNA damage checkpoint 
(Sanders et al., 2004). Yeast cells without Set9 or with a H4K20R mutation are sensitive 
Figure 2.3. Pdp1 is essential for H4K20 methylation. (A, B) Whole cell extracts 
prepared from indicated strains were subjected to Western blot analysis with indicated 
antibodies. (C) Cell extract from the indicated yeast strains were immunoprecipitated 
with anti-Flag resin, immuno-blotted with Set9 antibody, and stained with Coomassie 
Blue to visualize histones. (D) Purified HeLa histone octamers were incubated with 
GST or GST-Pdp1 immobilized on glutathione beads and washed extensively. The 




to DNA damage induced by ultraviolet light (UV) or ionizing radiation (IR) (Sanders et 
al., 2004). Consistent with the idea that Pdp1 and Set9 cooperatively mediate H4K20 
methylation, pdp1∆ cells showed similar degrees of sensitivity to UV and IR as set9∆ 
cells (Fig. 2.4A and 4B). More importantly, a set9∆ pdp1∆ double mutant behaved as 
either single mutant, indicating that they function in the same pathway genetically (Fig. 
2.4A and 4B). Furthermore, both pdp1∆ H4K20R and set9∆ H4K20R double mutants 
showed similar degrees of UV sensitivity to that of a H4K20R single mutant (Fig. 2.S4). 
Thus the effects of Pdp1 loss on DNA damage checkpoint function are due to the loss of 
H4K20 methylation. Additionally, DNA damage-induced phosphorylation of Chk1 is 
severely compromised in pdp1∆ cells (Fig. 2.4C), and a pdp1∆ rad3∆ double mutant 
showed a similar degree of DNA damage sensitivity to that of a rad3∆ single mutant 
(Fig. 2.4D). Collectively, these results demonstrate that Pdp1 is required for the 
activation of a DNA damage checkpoint mediated by Rad3-Chk1. 
Rad3-mediated phosphorylation of Chk1 requires Crb2, an S. pombe homologue 
of mammalian 53BP1 (Saka et al., 1997) that interacts with H4K20me (Botuyan et al., 
2006; Greeson et al., 2008). In response to DNA damage, Crb2 is rapidly recruited to 
distinct nuclear foci that represent sites of DNA lesions and concomitantly 
phosphorylated (Du et al., 2003; Saka et al., 1997). Crb2 foci formation and 
phosphorylation require both methylation of H4K20 and phosphorylation of H2A (H2AX 
in mammals) at its C-terminal SQ motif (Du et al., 2006; Nakamura et al., 2004; Sanders 
et al., 2004). Since Pdp1 is essential for H4K20me, we examined whether Pdp1 is 
directly involved in the recruitment of Crb2 by live cell imaging of cells expressing GFP-
Crb2 (Sanders et al., 2004). In wild type cells, GFP-Crb2 forms distinct foci in addition 
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to a diffuse nuclear staining after treatment of cells with low doses of IR (Fig. 2.5A). 
However, in the absence of Pdp1, GFP-Crb2 foci are severely reduced (Fig. 2.5A). We 
also examined the effect of pdp1∆ on Crb2 phosphorylation after DNA damage using a 
strain expressing myc-Crb2 (Sanders et al., 2004). In wild type cells, Crb2 exhibited a 
slower migrating form on SDS-PAGE gels after IR treatment (Fig. 2.5B), which 
represents phosphorylated Crb2 (Saka et al., 1997; Sanders et al., 2004). However, this 
slow-migrating form of Crb2 is abolished in pdp1∆ as well as set9∆ cells (Fig. 2.5B), 
demonstrating that Pdp1 is essential for Crb2 phosphorylation. Since the recruitment and 
Figure 2.4. Pdp1 is crucial for the activation of a DNA damage checkpoint. (A) Serial 
dilution plating assays were performed to measure the survival of yeast strains after 
treatment with indicated doses of UV and IR. (B) Survival curves of yeast strains after 
exposure to UV light. (C) Yeast strains were treated with indicated doses of UV and 
immediately processed for Western blot analysis with HA antibody to detect Chk1-
HA. (D) Serial dilution plating assays were performed to measure the survival of yeast 
strains after treatment with indicated doses of UV and IR. 
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phosphorylation of Crb2 depend on both H4K20me and H2A phosphorylation (Du et al., 
2006; Nakamura et al., 2004; Sanders et al., 2004), we also examined the effect of pdp1∆ 
on H2A phosphorylation with a phosphorylated H2A antibody. However, neither pdp1∆ 
nor set9∆ affected H2A phosphorylation (Fig. 2.5B), demonstrating that the effect of 
Pdp1∆ on Crb2 localization and phosphorylation is mainly exerted through its effect on 
H4K20me. Consistent with this idea, both crb2∆ pdp1∆ and crb2∆ set9∆ double mutants 
showed similar DNA damage sensitivity to UV and IR as that of a crb2∆ single mutant 
(Fig. 2.5C).  
Figure 2.5. Pdp1 is essential for DNA damage-induced Crb2 foci formation and Crb2 
phosphorylation. (A) Live cell imaging of yeast strains expressing GFP-Crb2 was 
performed before and immediately after IR treatment. (B) The indicated strains were 
treated with 400 Gy of IR and processed for Western blot analysis with myc and 
phosphorylated H2A antibodies. (C) Serial dilution plating assays were performed to 





A hydrophobic cavity in the PWWP domain of Pdp1 is crucial for H4K20me3 
The PWWP domain is a member of the Royal family, which includes chromo, 
Tudor, and MBT domains (Maurer-Stroh et al., 2003). Although many of the royal family 
members bind methylated histones to regulate chromatin dynamics, the function of the 
PWWP domain is unknown (Maurer-Stroh et al., 2003; Ruthenburg et al., 2007; Stec et 
al., 2000). Structural studies demonstrated that the chromo, Tudor and MBT domains use 
aromatic residues to form hydrophobic cavities to recognize methylated histones 
(Ruthenburg et al., 2007). Interestingly, the structures of several PWWP domains show 
that they also form hydrophobic cavities with aromatic residues (Qiu et al., 2002; Slater 
et al., 2003; Sue et al., 2004). For example, an S. pombe PWWP domain protein of 
unknown function, SPBC215.07c (Pdp2), contains three highly conserved aromatic 
residues in the PWWP domain (F136, W139, F169, shown in green, blue, and red, 
respectively in Fig. 2.6A and 6B), which forms a cavity similar to that of a Tudor domain 
(Slater et al., 2003). To test whether this hydrophobic cavity is important for the function 
of Pdp1, we mutated the corresponding residues in Pdp1 into alanines (Y63A, W66A and 
F94A). As a control, we also mutated a highly conserved aromatic residue (W65A, 
corresponding to W138 of Pdp2, shown in pink in Fig. 2.6B), which is close by but faces 
away from this cavity. We then introduced these mutations together with a 3xFlag tag 
into the endogenous Pdp1+ locus. All mutant Pdp1 proteins had similar expression levels 
as wild type Pdp1 (Fig. 2.6C), indicating that these mutations do not affect Pdp1 stability. 
Moreover, immunoprecipitation of Flag-Pdp1 and all of the mutants can efficiently pull 
down Set9 from cell extracts, demonstrating that these mutants do not affect Pdp1-Set9 
association (Fig. 2.S5). However, two mutants, W66A and F94A, severely reduced 
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H4K20me3 levels (Fig. 2.6C). As further demonstration of the importance of these 
aromatic residues, overexpression of W66A and F94A mutants in a wild type Pdp1+ 
background also severely reduced H4K20me3, suggesting that these two mutant forms of 
Pdp1 could block the function of endogenous Pdp1 (Fig. 2.S6). Since Pdp1 is required for 
Figure 2.6. A hydrophobic cavity within the PWWP domain is critical for the function 
of Pdp1. (A) Sequence alignment of PWWP domain containing proteins. Arrows 
indicate the positions of amino acids residues mutated in Pdp1. (B) Ribbon 
representation of the PWWP domain of fission yeast Pdp2. The side chains of F136, 
W138, W139, and F169 are shown in green, pink, blue and red, respectively. (C) 
Western blot analysis of cell extracts from indicated strains was performed with 
H4K20me and Flag antibodies. (D) Cell extract from the indicated yeast strains were 
immunoprecipitated with anti-Flag resin, immuno-blotted with Set9 antibody, and 
stained with Coomassie Blue to visualize histones. (E) Serial dilution plating assays 
were performed to measure the survival of yeast strains after treatment with indicated 
doses of UV and IR. (F) The indicated strains were treated with 150 J/m2 UV and 





the association of Set9 with chromatin, we examined whether these mutants affect Set9 
localization as well. Indeed, the association of Set9 with nucleosomes is severely reduced 
in W66A and F94A mutants (Fig. 2.6D), suggesting that the integrity of the PWWP 
domain is essential for targeting Set9 to chromatin. 
It is surprising that the Y63A mutation behaved differently from W66A and 
F94A, since it is also located at the same cavity as indicated by the structure of Pdp2 
(Slater et al., 2003). However, the structures of other PWWP domains indicate that this 
residue shows a high degree of flexibility (Qiu et al., 2002; Slater et al., 2003; Sue et al., 
2004), which might have a different configuration in Pdp1 that is not critical for the 
integrity of the hydrophobic cavity.  
Although H4K20me3 is severely affected in W66A and F94A mutants, 
H4K20me2 levels were unchanged and there was a significant increase of H4K20me1 
(Fig. 2.6C). These results suggest that the PWWP domain of Pdp1 is involved in 
controlling the activity of Set9 enzyme to regulate the extent of H4K20me. Interestingly, 
the W66A and F94A mutants were not sensitive to IR or UV (Fig. 2.6E), and Chk1 was 
efficiently phosphorylated in these cells after UV treatment (Fig. 2.6F), although 
H4K20me3 was severely compromised. These results indicate that the selective loss of 
H4K20me3 has no effect on DNA damage checkpoint activation, as has been reported 
recently (Greeson et al., 2008). Since both set9∆ and a mutation of H4K20 (H4K20R) 
result in defective checkpoint function, this result indicates that only H4K20me2 or 
H4K20me1 is involved in DNA damage checkpoint control, consistent with biochemical 
and structural studies demonstrating that 53BP1/Crb2 recognizes H4K20me1 and 
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H4K20me2 but not H4K20me3 (Botuyan et al., 2006; Greeson et al., 2008; Kim et al., 
2006). 
The PWWP domain of Pdp1 binds to H4K20me 
As the homologous locations of W66 and F94 on Tudor domain have been 
implicated in binding to methylated lysines (Maurer-Stroh et al., 2003; Slater et al., 
2003), the PWWP domain might recognize methylated histones as well. Supporting this 
idea, GST-Pdp1 showed reduced binding to histone octamers reconstituted with 
recombinant histones, which are devoid of any modifications, as compared with native 
histone octamers purified from HeLa cells (Fig. 2.7A). We reasoned that if Pdp1 interacts 
with a particular histone methylation through the hydrophobic cavity in the PWWP 
domain, inactivating the enzyme that catalyzes this modification in vivo would affect 
H4K20me3, similar to Pdp1 mutants. The fission yeast genome contains 13 putative 
histone lysine methyltransferases (Set1 though Set13), and 4 putative arginine 
methyltransferases (Rmt1, Rmt2, Rmt3 and Skb7). Among them, Set1, Set2, Clr4 and 
Set9 have been shown to methylate histones (Morris et al., 2005; Nakayama et al., 2001; 
Noma and Grewal, 2002; Sanders et al., 2004). However, except for set9∆, removal of 
none of the other putative methyltransferases affected H4K20me3 (Fig. 2.S7). This result 
suggests that if Pdp1 interacts with methylated histones, H4K20me might be the only 
possible target. Supporting this idea, when we examined the association of HA-Pdp1 with 
chromatin in vivo by pull down assay with H2B-Flag, we found its chromatin association 
is abolished by a set9∆ or a H4K20R mutation (Fig. 2.7B), suggesting that Pdp1 




To examine whether the PWWP domain of Pdp1 directly interacts with H4K20me 
in vitro, we expressed recombinant PWWP domain (1-157) as a GST fusion protein and 
examined its interaction with yeast nucleosomes isolated through H2B-Flag, which were 
washed with high stringency to remove non-histone proteins. We found that the PWWP 
domain interacted with nucleosomes purified from wild type cells but not those from 
Figure 2.7. The PWWP domain of Pdp1 binds to methylated H4K20. (A) Purified 
HeLa histone octamers and recombinant Xenopus histone octamers were incubated 
with GST-Pdp1 immobilized on glutathione beads and washed extensively. The eluted 
proteins were resolved by SDS-PAGE and stained with Coomassie blue. (B) Cell 
extract from the indicated yeast strains was immunoprecipitated with anti-Flag resin to 
isolate nucleosomes. Bound fractions were immuno-blotted with HA antibody and 
stained with Coomassie Blue to visualize histones. (C) S. pombe nucleosomes were 
purified from indicated strains through H2B-Flag with anti-Flag affinity resin and 
were incubated with GST-PWWP. Bound fractions were resolved by SDS-PAGE, 
immuno-blotted with a GST antibody and stained with Coomassie Blue to visualize 
histones. (D, E) GST-PWWP and GST-Tudor (JMJD2A) were incubated with 
indicated histone peptides immobilized on agarose resin. Eluted fractions were 
resolved by SDS-PAGE and immuno-blotted with a GST antibody. (F) GST-PWWP 
or indicated mutants were incubated with immobilized H4K20me1 peptide and eluted 




set9∆ or H4K20R cells, demonstrating that the PWWP domain interacts directly with 
H4K20me (Fig. 2.7C).  
To further probe which degree of H4K20me the PWWP domain interacts with, 
we performed peptide pull down assays with H4K20 peptides that contains different 
degrees of methylation. We found that the PWWP domain only interacts with 
H4K20me1, but not unmodified H4K20, H4K20me2, or H4K20me3 peptides (Fig. 2.7D). 
As a control, the Tudor domain of JMJD2A interacts with H4K20me2 and H4K20me3 
(Fig. 2.7D) (Kim et al., 2006), demonstrating the integrity of these peptides. In fission 
yeast, histones are also methylated at H3K4, H3K9 and H3K36, however, the PWWP 
domain did not interact with peptides monomethylated at these residues (Fig. 2.7E). 
Furthermore, the W66A and F94A mutants abolished the interaction between the PWWP 
domain and H4K20me1, demonstrating that the hydrophobic cavity of the PWWP 
domain is essential for this interaction (Fig. 2.7F).  
Discussion 
In fission yeast, Set9 is responsible for H4K20 methylation and activation of a 
DNA damage checkpoint (Sanders et al., 2004). However, the mechanism that regulates 
Set9 function is not understood. Using biochemical purification, we identified a PWWP 
domain-containing protein Pdp1 associates with Set9 (Fig. 2.1B). Pdp1 is required for all 
three states of H4K20me in vivo (Fig. 2.3A) and for the activation of a DNA damage 
checkpoint (Fig. 2.4 and 5).  
We further demonstrated that Pdp1 is required for the association of Set9 with 
chromatin (Fig. 2.3C). The C-terminal region of Pdp1 mediates association with Set9 
(Fig. 2.2D), whereas the N-terminal PWWP domain recognizes H4K20me1 (Fig. 2.7D). 
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Mutations within the PWWP domain that disrupt this interaction (Fig. 2.7E) resulted in 
the delocalization of Set9 from chromatin (Fig. 2.6D), loss of H4K20me3 and 
concomitant increase of H4K20me1 (Fig. 2.6C). These results suggest that Pdp1 
associates with H4K20me1 to increase the concentration of Set9 on chromatin to perform 
H4K20me3, whereas the low level of Set9 on chromatin in Pdp1 mutants is sufficient for 
H4K20me1 and H4K20me2 (Fig. 2.6D). Consistently, overexpression of Set9 in the 
absence of Pdp1 could rescue H4K20me1 and to some extent H4K20me2 (Fig. 2.S8), 
suggesting that Pdp1 is essential for recruiting higher concentration of Set9 to chromatin 
to perform H4K20me3. Although the weak activity of Set9 in vitro precludes us from 
determining whether Pdp1 directly regulates Set9 activity (Sanders et al., 2004) (data not 
shown), our data indicate that the effect of Pdp1 on H4K20me in vivo is mainly exerted 
through its effect on Set9 chromatin localization. 
Interestingly, the loss of H4K20me3 as a result of mutations in the PWWP 
domain has no effect on DNA damage checkpoint function, suggesting that H4K20me2 
or H4K20me1, but not H4K20me3, is essential for checkpoint activation (Fig. 2.6E and 
6F) (Greeson et al., 2008). This observation is consistent with biochemical and structural 
studies that demonstrate the preferential association of 53BP1/Crb2 with H4K20me2, but 
not H4K20me3 (Botuyan et al., 2006; Greeson et al., 2008; Kim et al., 2006). In higher 
eukaryotes, H4K20me3 is mainly enriched at heterochromatin and is required for proper 
heterochromatin assembly (Schotta et al., 2004). However, in fission yeast, H4K20me3 is 
broadly distributed across the genome (Sanders et al., 2004). The function of H4K20me3 
in fission yeast is currently unknown as no phenotypes of pdp1+ mutant cells were 
observed under various stress conditions (data not shown). This is consistent with a 
 65 
previous report that set9∆ has no effect on gene expression or stress response other than 
DNA damage checkpoint function (Sanders et al., 2004). However, our ability to 
manipulate methylation states with Pdp1 mutations offers a unique opportunity to further 
probe the role of H4K20me3 on cellular functions. 
In mammals, several HMTases such as NSD1 and NSD2 contain PWWP domains 
(Stec et al., 2000). NSD1 is known to methylate H4K20 and H3K36 and is required for 
early embryonic development (Rayasam et al., 2003). Whether the PWWP domain 
contributes to the regulation of these enzymes is currently unknown, but it seems a 
general theme that chromatin-binding domains regulate associated HMTase activities. 
For example, the mammalian H4K20 methyltransferase Suv4-20 associates with chromo 
domain protein HP1, which binds to H3K9me and is required for H4K20me3 (Schotta et 
al., 2004). Similarly, the H3K9 methyltransferase Clr4 contains a chromo domain that 
recognizes H3K9me to promote the spread of this modification across large chromosomal 
domains (Zhang et al., 2008).  
The PWWP domain is present in diverse proteins involved in chromatin function, 
including histone modifying enzymes, DNA modifying enzymes, transcription factors 
and DNA repair proteins (Stec et al., 2000). Apart from Pdp1, fission yeast contains two 
other PWWP domain proteins, Pdp2 and Pdp3 (SPAC23D3.01), of unknown function. 
Although they share strong homology with Pdp1 even outside the PWWP domain, the 
removal of Pdp2 or Pdp3 had no effect on H4K20 methylation or sensitivity to DNA 
damage treatments, suggesting that they participate in distinct cellular processes (Fig. 
2.S9). Despite its presence in diverse organisms, the function of the PWWP domain is 
still a mystery. The homology between PWWP, Tudor, chromo and MBT domains 
 66 
suggests that the PWWP domain might recognize methylated histones as well (Maurer-
Stroh et al., 2003; Ruthenburg et al., 2007). However, previous analysis with a protein 
array containing PWWP domains failed to detect any interaction with methylated histone 
peptides (Kim et al., 2006). It should be noted that only a limited number of PWWP 
domains and methylated histone peptides were tested for binding (Kim et al., 2006). In 
addition, a recent comparison of the protein array method with peptide pull-down assays 
or isothermal titration calorimetry demonstrates that the array method is less sensitive 
(Shi et al., 2007). Our analysis demonstrated that the PWWP domain of Pdp1 binds to 
H4K20me in vivo and in vitro (Fig. 2.7), suggesting that methyl-lysine recognition might 
be a general characteristic of PWWP domains. 
It is interesting to note that the PWWP domain is only present in eukaryotes and 
is often associated with chromatin function (Stec et al., 2000). This suggests that the 
PWWP domain might have coevolved with chromatin as a regulator of chromatin 
organization. Our analyses demonstrate that, consistent with structural predictions 
(Maurer-Stroh et al., 2003), the PWWP domain is a new member of the ever-expanding 
family of motifs that recognize methylated lysines. Interestingly, variations exist in 
PWWP domains. For example, the NSD1 family of histone methyltransferases often 
contains a RWWP motif, whereas DNMT3a/b contains an SWWP motif, which result in 
significant structural variations (Slater et al., 2003) (Figure 6A). The large number of 
PWWP domain proteins and these structural variations make them ideal for recognizing 
different residues and/or degrees of histone methylation. Further analysis to elucidate the 
binding specificity of this domain in other proteins will greatly improve our 
understanding of the complicated network of histone covalent modifications.  
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Materials and Methods 
Fission yeast strains  
Set9-Flag, Set9-myc, set9∆, pdp1∆ and Htb1-Flag strains were constructed using a PCR-
based module method (Bahler et al., 1998). Flag-Pdp1 and HA-Pdp1 strains were 
generated by first inserting a ura4+ gene in the promoter region of Pdp1+ and 
subsequently replacing it with 3xFlag or 3xHA sequences. The Y63A, W65A, W66A, 
and F94A mutations of Pdp1+ were generated with the QuickChange site-directed 
mutagenesis kit (Stratagene), and were introduced similarly into the Pdp1+ locus.  
Protein purification and immunoprecipitation  
For affinity purification of Set9-Flag associated proteins, 12 liters of wild type and Set9-
Flag cells were harvested, washed with 2xHC buffer (300 mM HEPES-KOH pH 7.6, 2 
mM EDTA, 100 mM KCl, 20% glycerol, 2 mM DTT, protease inhibitor cocktail 
(Roche)) and frozen in liquid nitrogen. Crude cell extracts were prepared by vigorously 
blending frozen yeast cells with dry ice using a household blender, followed by 
incubation with 40 ml 1xHC buffer containing 250 mM KCl for 30 min. The lysate was 
cleared by centrifugation at 82,700g for 2 hours. The supernatants were precleared with 
proteinA-agarose, then incubated with 200 μl of Flag-agarose for 4 hours and washed 
eight times with 1xHC containing 250 mM KCl. Bound proteins were eluted with 200 
mg/ml 3xFlag peptide, precipitated by TCA, resolved by SDS–PAGE and stained with 
Coomassie blue.  
 
Mass spectrometry analysis 
Sample preparation and MudPIT analysis of protein complexes were performed using an 
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LCQ-Deca mass spectrometer (ThremoFinnigan) as previously described (Washburn et 
al., 2001). MS/MS spectra were submitted to SGD Schizosaccharomyces Pombe (ver 10-
12-06) protein sequence database searching with the SEQUESTTM algorithm (Eng et al., 
1994). 
Protein-protein interaction assays 
Purification of GST-Set9 and GST-PWWP fusion proteins was performed according to 
the manufacturer’s protocols (GE). Pdp1 was labeled with [35S]methionine with the TNT 
T7 coupled reticulocyte lysate system (Promega). For the binding assays, 2 μg of a GST-
Set9 fusion protein was immobilized on glutathione-agarose beads in 400 μl HEMNK 
buffer (40mM HEPES pH7.6, 0.2mM EDTA, 5mM MgCl2, 0.5% NP40, 100 mM KCl 
and 1 mM DTT) and incubated with 10 μl of in vitro translation products for 1 hour at 
4°C. The beads were washed five times with 1 ml of HEMNK, eluted with sample buffer 
and resolved by SDS-PAGE. The gel was then dried and exposed to film. 
Western blots and antibodies 
Protein extracts were prepared by lysing cells with glass beads, followed by sonication to 
dissolve chromatin. The following antibodies were used for western blot analyses: 
H4K20me1 (Abcam, ab9051), H4K20me2 (Abcam, ab9052 and Upstate, 07-367), 
H4K20me3 (Abcam, ab9053), Set9 (Abcam, ab3826), phospho-H2A (Abcam, ab15083), 
myc (Covance, MMP-150), HA (Roche, 12013819001), GST (Sigma, G7781) and Flag 
(Sigma, F7425). 
 
DNA damage sensitivity assays 
For IR and UV treatment, serial dilutions of cells were plated onto YEA plates and 
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irradiated with a 137Cs source at a dose of 7 Gy/min or a UVP CL-1000 crosslinker 
(254nm) and incubated for 3 days at 30°C. For survival rate analysis, cells were plated at 
a density of 500-2000 cells/plate and irradiated with UV. Colonies were counted after 3 
days at 30°C and normalized to colony numbers without UV treatment. All strains used 
to test DNA damage sensitivity are ura4+. Analysis of Chk1, Crb2 and H2A 
phosphorylation after UV treatment was performed as described previously (Walworth 
and Bernards, 1996).  
In vivo chromatin binding assays 
In vivo chromatin-binding assays of Set9 or HA-Pdp1 were performed with yeast cells 
expressing H2B-Flag. Mid-log phase cultures of yeast cells were transferred to 18 °C and 
treated with 3% paraformaldehyde for 30 minutes. The fixed cells were then lysed with 
acid-washed glass beads in ChIP lysis buffer (50mM HEPES pH 7.5, 140mM NaCl, 1% 
TritonX-10, 0.1% deoxycholate sodium, 1mM PMSF, protease inhibitor cocktail 
(Roche)). Sonicated chromatin were incubated with Flag-agarose resin, washed 
extensively, and boiled in SDS loading buffer to reverse crosslinking. The eluted 
fractions were subjected to Western blot analysis with Set9 or HA antibodies and 
Coomassie staining to visualize histones. 
In vitro Nucleosome binding assays 
To obtain S. pombe nucleosomes, extracts of yeast cells expressing H2B-Flag were 
sonicated to fragment chromatin, incubated with Flag-agarose in 1xHC buffer (150 mM 
HEPES-KOH pH 7.6, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 1 mM DTT, protease 
inhibitor cocktail (Roche)) containing 400mM KCl, and extensively washed. PWWP or 
mutants were expressed as GST fusion proteins, purified according to manufacture’s 
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protocols (GE), and further purified by gel filtration with a Superdex S-200 column. 
Nucleosomes immobilized on Flag-agarose beads were then incubated with 1µg of 
purified proteins in 1xHC buffer containing 200mM KCl at 4°C for 4 hours, washed 5 
times with 1xHC (200mM KCl). Bound fractions were resolved by SDS-PAGE, and 
Western blot analysis was performed with a GST antibody. 
Peptide pull-down assays 
Histone peptides containing different degrees of H4K20 methylation (Abcam ab14963, 
ab17043, ab14964, ab17567), H3K4me1 (ab1340), H3K9me1 (ab1771), or H3K36me1 
(ab1783) were immobilized on agarose resin with SulforLink Immobilization Kit for 
peptides according to the manufacturer’s protocol (Thermo, 44999). For peptide pull-
down assays, 1μg of GST-PWWP, GST-PWWP-W66A or GST-PWWP-F94A proteins 
were incubated with 1μg of immobilized peptides in 1xHC buffer containing 200mM 
KCl for 4 hours at 4°C and washed extensively. Bound proteins were eluted with 100mM 
glycine (pH2.8), resolved by SDS-PAGE, and Western blot analyses were performed 
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Supplemental Figures: Regulation of Set9-Mediated H4K20 Methylation by a PWWP 












































Figure 2.S1. Epitope-tagged Set9 and Pdp1 proteins are functional. Whole cell extracts of 









Figure 2.S2. Affinity purified Set9-Flag complex was subjected to Gel filtration analysis with a 
Superdex 200 column, followed by Western blot analysis with Set9 antibody. Peak fractions of 
molecular weight standards are indicated. The calculated molecular weight of Set9 complex is 











Figure 2.S3. Pdp1 is required for the association of Set9 with chromatin. Cell extract from the 
indicated yeast strains were immunoprecipitated with anti-Flag resin and treated with 
micrococcal nuclease to isolate mononucleosomes. Bound fractions were immuno-blotted with 




















Figure 2.S4. Pdp1 functions in the same pathway as H4K20me. Serial dilution plating assays 
were performed to measure the survival of yeast strains after treatment with indicated doses of 



























Figure 2.S5. Pdp1 mutants do not affect interaction with Set9. Cell extracts of the indicated 
strains were immunoprecipitated with Flag antibody and Western blot analysis were performed 











Figure 2.S6. Mutations of the PWWP domain of Pdp1 interfere with the function of 
endogenous Pdp1. Cell extracts of strains expressing indicated mutant myc-Pdp1 proteins under 
the control of an nmt1 promoter were subjected to Western blot analysis with H4K20me3 or 

















Figure 2.S7. Set9 is the only histone methyltransferase required for H4K20me3. Whole cell 




























Fig. 2.S8. Pdp1 is required for H4K20 methylation. Cell extracts of strains expressing Set9 or 
Pdp1 under the control of an nmt1 promoter were subjected to Western blot analysis with 












Figure 2.S9. Pdp1, but not Pdp2 and Pdp3, is required for H4K20me and DNA damage 
response. (A) Schematic diagram of three S. pombe PWWP domain proteins. (B) Whole cell 
exacts of indicated strains were subjected to Western blot analysis with H4K20me3 antibody. 
(C) Serial dilution plating assays were performed to measure the survival of yeast strains after 
treatment with indicated doses of UV.   
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Introduction to Pdp3 complex	  In	  the	  first	  chapter	  (Wang,	  Reddy	  et	  al.	  2009),	  we	  demonstrated	  that	  Pdp1	  binds	  to	  H4K20me	  through	  the	  PWWP	  domain	  both	  in	  vitro	  and	  in	  vivo.	  Subsequent	  studies	  from	  other	  laboratories	  have	  confirmed	  that	  the	  PWWP	  domain	  is	  indeed	  a	  new	  class	  of	  methyl-­‐histone	  binding	  motif	  that	  plays	  essential	  roles	  in	  epigenetic	  regulation	  (Dhayalan,	  Rajavelu	  et	  al.	  2010;	  Vermeulen,	  Eberl	  et	  al.	  2010;	  Vezzoli,	  Bonadies	  et	  al.	  2010;	  Wu,	  Zeng	  et	  al.	  2011).	  	  In	  addition	  to	  Pdp1,	  there	  are	  two	  other	  PWWP	  domain	  proteins	  in	  fission	  yeast	  whose	  functions	  were	  completely	  unknown	  at	  the	  beginning	  of	  this	  work:	  Pdp2	  and	  Pdp3.	  We	  performed	  affninty	  purification	  of	  Pdp3	  and	  identified	  a	  stable	  complex	  of	  Pdp3	  with	  six	  other	  proteins,	  including	  a	  MYST-­‐family	  histone	  acetyltransferase	  Mst2.	  We	  demonstrated	  that	  the	  Pdp3-­‐Mst2	  complex	  specifically	  acetylates	  histone	  H3K14,	  and	  that	  this	  complex	  functions	  cooperatively	  with	  Gcn5	  to	  regulate	  global	  levels	  of	  H3K14	  acetylation.	  Although	  not	  presented	  here,	  these	  results	  were	  published	  as	  a	  research	  article,	  for	  which	  I	  was	  a	  co-­‐author,	  in	  the	  
Journal	  of	  Biological	  Chemistry	  (Wang,	  Kallgren	  et	  al.	  2012).	  	  The	  research	  on	  the	  Mst2	  complex	  led	  us	  to	  the	  work	  presented	  in	  the	  next	  chapter.	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Chapter 3: Elimination of a specific histone H3K14 acetyltransferase complex bypasses the 
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In Schizosaccharomyces pombe, the RNAi pathway is required for the formation of 
pericentric heterochromatin, proper chromosome segregation, and repression of pericentric 
meiotic recombination. Here we demonstrate that when the activity of the histone H3K14 
acetyltransferase Mst2 is eliminated, the RNAi machinery is no longer required for pericentric 
heterochromatin functions. We further reveal that reducing RNA polymerase II recruitment to 




















Repetitive DNA elements are major components of most eukaryotic genomes and are 
preferential sites for the assembly of heterochromatin structures (Grewal and Jia 2007; Peng and 
Karpen 2008). Heterochromatin recruits a myriad of proteins to control diverse processes such as 
transcription, recombination and chromosome segregation (Grewal and Jia 2007). The formation 
of heterochromatin requires the concerted actions of several histone-modifying enzymes, which 
lead to methylation of histone H3 lysine 9 (H3K9me) and the subsequent recruitment of 
structural proteins such as HP1 (Grewal and Jia 2007). Heterochromatin assembly also depends 
on the RNA interference (RNAi) pathway, which targets histone-modifying activities to repeat 
regions (Matzke and Birchler 2005; Buhler and Moazed 2007; Grewal and Jia 2007).  
Extensively characterized in fission yeast (Buhler and Moazed 2007; Grewal and Jia 
2007) (Fig. 3.S.1), RNAi-mediated heterochromatin assembly is triggered by the generation of 
double-stranded RNAs (dsRNAs) from repetitive DNA elements, which are then processed by 
the Dicer nuclease into small interfering RNAs (siRNAs). The siRNAs are loaded onto the ARC 
complex (composed of the Argonaute protein Ago1 plus Arb1 and Arb2) and then the RITS 
complex (composed of Ago1, a chromodomain protein Chp1, and a GW domain protein Tas3) 
and guide RITS to nascent transcripts originating from DNA repeats. RITS recruits the histone 
methyltransferase complex CLRC (composed of H3K9 methyltransferase Clr4, E3 ubiquitin 
ligase Cul4, Rik1, Raf1, and Raf2) via Stc1 to initiate H3K9 methylation (Bayne et al. 2010), 
which subsequently recruits the HP1 orthologs Swi6 and Chp2. RITS also recognizes H3K9me 
via Chp1, and recruits the RDRC complex (composed of an RNA-dependent RNA polymerase 
Rdp1, a putative helicase Hrr1, and a polyA polymerase Cid12). RDRC promotes the production 
of dsRNAs, resulting in a positive feedback loop that strengthens heterochromatin structures.  
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In fission yeast, the pericentric regions, sub-telomeres, and the silent mating-type region 
are major sites of heterochromatin. All of these regions contain repetitive DNA elements of a 
common origin and requires functional RNAi for heterochromatin establishment (Grewal and Jia 
2007). However, at the silent mating-type region and sub-telomeres, RNAi is not necessary for 
the subsequent maintenance of heterochromatin due to the presence of redundant RNAi-
independent heterochromatin assembly pathways (Grewal and Jia 2007). Interestingly, 
heterochromatin maintenance at pericentric regions is RNAi-dependent, although the mechanism 
of this maintenance is not clear (Sadaie et al. 2004). Consequently, the loss of RNAi components 
selectively disrupts pericentric heterochromatin, making this region ideal for studying the 
mechanism of RNAi-mediated heterochromatin assembly (Buhler and Moazed 2007; Grewal and 
Jia 2007). Here we show that RNAi is dispensable for pericentric heterochromatin maintenance 
when a key histone-modifying enzyme Mst2 is absent.  Our results further indicate that locally 
limiting RNA polymerase II transcription is critical for heterochromatin maintenance in the 
absence of RNAi.  
Results and Discussion 
We recently identified a histone H3K14 acetyltransferase complex containing the MYST 
family protein Mst2 as the catalytic subunit (Y.W. and S.J. unpublished data). Loss of Mst2 
mildly strengthens silencing near telomeres, and mst2∆ cells are sensitive to Swi6 
overexpression (Gomez et al. 2005), indicating  an important, yet functionally unclear role for 
Mst2 in heterochromatin assembly. Since the loss of many heterochromatin components results 
in increased H3K14ac levels at pericentric regions (Sugiyama et al. 2007; Motamedi et al. 2008), 
we explored whether the loss of Mst2 could bypass the requirement of any components essential 
for heterochromatin function by examining the expression of a reporter gene inserted at two sites 
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within the pericentric heterochromatin region of chromosome I (otr::ura4+ and imr::ura4+) 
(Allshire et al. 1995) (Fig. 3.1A). The silencing of ura4+ expression by heterochromatin enables 
cell growth on media containing 5-fluoroorotic acid (FOA), which is toxic to cells expressing 
ura4+. The loss of RNAi components such as Dicer (dcr1∆) leads to defective heterochromatin 
assembly and a loss of silencing at these reporters (Fig. 3.1B). Interestingly, in mst2∆ dcr1∆ 
Figure 3.1 In mst2∆ cells, the RNAi machinery is no longer required to stabilize pericentric 
heterochromatin. (A) A schematic diagram of the centromere of chromosome I and the 
otr::ura4+ and imr::ura4+ reporter genes. (B) Ten-fold serial dilution analyses of indicated 
yeast strains were grown on media with or without FOA to measure the expression of ura4+. 
N/S, non-selective medium. (C) ChIP analysis of Swi6 and H3K9 methylation levels at 
otr1::ura4+. DNA immunoprecipitated with Swi6 or H3K9me2 antibodies and from whole 
cell extract (WCE) was analyzed by competitive PCR. Fold enrichment is indicated below 
each lane. The numbers are averages of three biological repeats and error bars represent 




Figure 3.2. Loss of Mst2 bypasses the requirement of the RNAi machinery for pericentric 
heterochromatin functions. (A) Cells growing exponentially were stained with DAPI to 
visualize DNA and with a TAT1 antibody to visualize tubulin. The percentages of cells with 
lagging chromosomes (indicated by arrows) at late anaphase were determined microscopically 
(n=100). (B) The loss rate of a non-essential mini-chromosome, Ch16, was measured. The 
total number of colonies counted is indicated at the top of each column. (C) Ten-fold serial 
dilution plating assays were performed to measure the sensitivity of cells to TBZ. (D) 
Schematic diagram of the construct used to measure meiotic recombination across the 
centromere of chromosome III. The ura4+ and his3+ genes were inserted into the chk1+ and 
near the mid1+ loci, respectively (Ellermeier et al. 2010). (E) The rate of recombination was 
measured as the percentage of spores that showed non-parental segregation of the ura4+ and 
his3+ markers. The total number of colonies counted is indicated at the top of each column. 
(F) Cells were induced for meiosis and harvested at 0 hours (-) and 5 hours (+). DNA was 
extracted, digested with BglI, and analyzed for DSBs by Southern blot hybridization using a 
probe as indicated in (D). Arrows indicate the unbroken BglI fragment (~125 kb). The size 
difference of this fragment in dcr1∆ cells may reflect recombination, meiotic or mitotic, 
between the outermost repeats (Ellermeier et al. 2010). Meiosis-specific DNA fragments 
(bracket) result from Rec12-dependent DNA breakage at specific sites around cen3 
(Ellermeier et al. 2010). Numbers below the gel are the percent of total DNA broken at 5 




cells, the silencing of reporter genes is significantly rescued (Fig. 3.1B) and heterochromatin 
hallmarks such as H3K9 methylation and Swi6 are considerably restored at pericentric regions 
(Fig. 3.1C).  
Pericentric heterochromatin is essential for the recruitment of cohesin proteins to ensure 
proper chromosome segregation during mitosis (reviewed in Grewal and Jia 2007). In RNAi 
mutants such as dcr1∆, cells lose pericentric heterochromatin and exhibit a variety of defects in 
chromosome segregation, including an increased incidence of lagging chromosomes, a high loss 
rate of a non-essential mini-chromosome, and an increased sensitivity to the microtubule-
destabilizing agent thiabendazole (TBZ) (Fig. 3.2A-C) (Hall et al. 2003; Volpe et al. 2003).  All 
of these defects are largely rescued in mst2∆ dcr1∆ cells, suggesting that heterochromatin 
formed in mst2∆ dcr1∆ cells functions normally.  
RNAi is also required for repression of meiotic recombination around centromeres 
(Ellermeier et al. 2010). In wild-type cells, there is essentially no meiotic recombination between 
two markers flanking the centromere of chromosome III and approximately 125 kilobases apart 
(Ellermeier et al. 2010) (Fig. 3.2D). The recombination rate in this region is elevated 
approximately 100-fold in the absence of RNAi (Ellermeier et al. 2010) (Fig. 3.2E). Importantly, 
however, this high recombination rate is strongly reduced in mst2∆ dcr1∆ cells. The level of 
pericentric, meiosis-specific DNA double-strand breaks (DSBs), which are essential for initiating 
homologous recombination, is very low in wild-type cells but is significantly elevated in dcr1∆ 
cells (Ellermeier et al. 2010) (Fig. 3.2F and 3.S2). However, in mst2∆ dcr1∆ cells, the level of 
such DSBs is reduced to nearly wild-type levels, demonstrating that the heterochromatin formed 
in mst2∆ dcr1∆ cells is capable of inhibiting the formation of meiosis-specific DSBs.  Thus, all 





chromosomes, and repression of meiotic recombination – are restored by the loss of Mst2 in the 
absence of RNAi. 
Testing the generality of this suppression, we found that mst2∆ suppressed the silencing 
defects and TBZ sensitivity of all RNAi mutants examined, such as those in ARC (ago1∆, 
arb1∆, arb2∆), RITS (ago1∆, chp1∆), RDRC (rdp1∆, cid12∆), and the recently identified RNAi 
factors rsh1∆ (Roguev et al. 2008) and stc1∆ (Bayne et al. 2010) (Fig. 3.3A and 3.S3). However, 
mst2∆ had no effect in mutants lacking heterochromatin components involved in histone 
modifications or their recognition, such as those in the CLRC (clr4∆, rik1∆, raf1∆, raf2∆), HP1 
homologues (swi6∆, chp2∆), the SHREC complex (clr3∆, mit1∆) (Sugiyama et al. 2007), or 
histone deacetylase sir2∆ (Fig. 3.3B). These results suggest that Mst2 specifically affects 
heterochromatin assembly mediated by RNAi.  
RNAi is required for both the establishment and maintenance of heterochromatin at 
pericentric regions (Sadaie et al. 2004). To distinguish whether mst2∆ dcr1∆ rescues 
heterochromatin establishment or maintenance, we pulse-treated cells with the histone 
deacetylase inhibitor trichostatin A (TSA) to erase preexisting heterochromatin structures 
(Ekwall et al. 1997; Jia et al. 2004) (Fig. 3.3C). We then examined the reestablishment of 
heterochromatin as cells recovered. In both dcr1∆ and mst2∆ dcr1∆ cells, silencing at 
otr1::ura4+ was not reestablished, and H3K9me2 and Swi6 remained delocalized from 
pericentric regions (Fig. 3.3C). To further examine the effect of mst2∆ dcr1∆ on heterochromatin 
Figure 3.3. The loss of Mst2 bypasses the requirement of the RNAi machinery for 
heterochromatin maintenance, but not for its establishment. (A, B) Ten-fold serial dilutions of 
the indicated yeast strains were grown on media with or without FOA to measure the 
expression of otr1::ura4+. (C, D) Top, schematic diagrams of the experimental design to 
examine heterochromatin establishment. Middle, ten-fold serial dilutions of the indicated 
yeast strains were spotted onto media with or without FOA to measure the expression of 





establishment, we introduced clr4+ into a mst2∆ dcr1∆ clr4∆ otr::ura4+ strain by a genetic cross  
(Hall et al. 2002; Bayne et al. 2010) (Fig. 3.3D). The resulting mst2∆ dcr1∆ otr::ura4+ strain 
could not reestablish silencing, at least within the time between spore germination and the assay, 
as indicated by the loss of growth on FOA media as well as diminished levels of H3K9me and 
Swi6 at pericentric regions (Fig. 3.3D). Thus, loss of Mst2 bypasses the requirement of the RNAi 
pathway for maintaining, but not for establishing, pericentric heterochromatin.  
Because the Mst2 complex is a specific histone H3K14 acetyltransferase (Y.W. and S.J. 
unpublished results), we next examined whether the enzymatic activity of Mst2 is required to 
bypass RNAi defects. We found that the catalytically inactive mutant of Mst2 (E274Q) and null 
mutants of Mst2 complex components essential for its activity, such as Nto1 and Ptf2 (Y.W. and 
S.J. unpublished data), also suppress RNAi mutant phenotypes in transcriptional silencing and 
TBZ sensitivity (Fig. 3.4A). In contrast, null mutations of two Mst2 complex components not 
required for acetyltransferase activity (Ptf1 and Eaf6) failed to suppress RNAi defects (data not 
shown).  
Since H3K14 acetylation is correlated with gene transcription in diverse organisms 
(Pokholok et al. 2005; Wang et al. 2008), we performed microarray analysis to examine whether 
the ability of mst2∆ dcr1∆ cells to maintain heterochromatin is the result of altered expression of 
genes encoding RNAi and heterochromatin components. However, the expression profiles of 
such genes were not significantly altered (Table 3.S1). In addition, we found that siRNAs are 
absent in mst2∆ dcr1∆ cells, indicating that the rescue of silencing is not a result of activating 
alternative small RNA-producing pathways (Fig. 3.S.4). 
We hypothesized that the Mst2 complex directly acetylates H3K14 at pericentric regions 
in the absence of RNAi; i.e., that H3K14 acetylated by Mst2 acts in cis at pericentric regions.  As 
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predicted, we found that H3K14 acetylation levels at pericentric regions are greatly reduced in 
mst2∆ dcr1∆ cells as compared with dcr1∆ cells (Fig. 3.4B). Also consistent with our 
hypothesis, Mst2 complex component Nto1 is enriched at pericentric regions in dcr1∆ cells (Fig. 
3.S5A). Since purified Mst2 complex is capable of acetylating H3K14 irrespective of H3K9 
methylation status in vitro (Fig. 3.S5B), our results suggest that RNAi functions to exclude Mst2 
from heterochromatin regions in wild-type cells rather than regulating its activity.  
Mst2 functions redundantly with another histone acetyltransferase, Gcn5, to regulate 
global levels of H3K14 acetylation (Nugent et al. 2010 and Y.W. and S.J. unpublished data). 
However, the loss of Gcn5 did not suppress RNAi defects in either transcriptional silencing, TBZ 
Figure 3.4. Loss of the Mst2 complex reduces transcription at pericentric heterochromatin 
in the absence of RNAi. (A) Ten-fold serial dilutions of the indicated yeast strains were 
spotted onto the indicated media to measure the expression of otr1::ura4+ and the 
sensitivity to TBZ. (B) ChIP analysis of H3K14 acetylation levels at otr1::ura4+. (C) ChIP 
analysis of Pol II levels at otr1::ura4+. (D) Real-time RT-PCR analysis of centromeric dh 





sensitivity or repression of meiotic recombination (Fig. 3.4A and 3.S6), and pericentric H3K14ac 
levels are not reduced in gcn5∆ dcr1∆ cells as compared with dcr1∆ cells (Fig. 3.4B). These 
results suggest that the effects on pericentric heterochromatin function in the absence of RNAi 
are unique to the Mst2 complex. Because the H3K14R mutation abolished Swi6 recruitment and 
silencing at pericentric regions (Mellone et al. 2003), an effect not duplicated by fully abrogating 
H3K14ac through enzymatic inactivation (Fig. 3.S7), we could not definitively establish whether 
H3K14 is the sole target of the Mst2 complex at pericentric regions. Thus, although our results 
suggest that it is highly likely that Mst2 directly acetylates H3K14 at pericentric regions in the 
absence of RNAi, it is possible that Mst2 acetylates other substrates that indirectly affect 
H3K14ac levels. Taken together, these results demonstrate that RNAi-mediated heterochromatin 
assembly excludes access of the Mst2 histone acetyltransferase complex to prevent H3K14 
acetylation at pericentric regions.  
Consistent with the fact that H3K14ac levels are positively correlated with transcription 
rates (Pokholok et al. 2005; Wang et al. 2008), we found that both Pol II protein levels at 
pericentric regions and pericentric transcript levels were high in dcr1∆ cells but were 
significantly reduced in mst2∆ dcr1∆ cells (Figs. 3.4C, 3.4D and 3.S8A). Increased gene 
transcription, such as that in dcr1∆ cells, might result in nucleosome displacement as well as 
altered nucleosome modifications (Dion et al. 2007; Li et al. 2007). This could in turn affect the 
localization of the CLRC complex, which binds to preexisting H3K9me to facilitate 
heterochromatin spreading and maintenance (Zhang et al. 2008). Indeed, the loss of Dicer leads 
to the delocalization of CLRC components Clr4 and Raf2 at pericentric regions (Fig. 3.4E and 
3.S8B). In contrast, in mst2∆ dcr1∆ cells Pol II level is reduced, and CLRC localization is 
restored (Figs. 3.4C, 3.4E and 3.S8B). Transcription of DNA repeats by Pol II during the S phase 
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is required for the generation of siRNAs through the RNAi pathway, which targets histone-
modifying activities to heterochromatic loci (Cam et al. 2009), and mutations in Pol II subunits 
result in defective heterochromatin assembly (Djupedal et al. 2005; Kato et al. 2005). However, 
mutations in the Mst2 complex have little effect on the stability of pericentric heterochromatin 
(Gomez et al. 2005) (Fig. 3.1 and 2), and the Mst2 complex does not show cell-cycle dependent 
localization at pericentric regions (Fig. 3.S9). Thus, it is unlikely that Mst2 affects S-phase 
specific transcription of pericentric repeats in the presence of RNAi. 
A recent large-scale epistasis analysis showed that RNAi mutants exhibit positive genetic 
interactions with mutations of the Mst2 complex, the RNA polymerase Mediator complex, the 
general transcription machinery and a JmjC domain protein Epe1 (Roguev et al. 2008). Epe1 
promotes the localization of Pol II to heterochromatin (Zofall and Grewal 2006) and epe1∆ 
dcr1∆ cells can also maintain pericentric heterochromatin structures (Trewick et al. 2007). This 
suggests that limiting the access of Pol II to pericentric repeats by independent means can 
alleviate defects in heterochromatin maintenance associated with the loss of RNAi.  
To further test this suggestion, we examined the effect of deleting a Mediator complex 
component (pmc2∆) on RNAi-mediated heterochromatin maintenance. We found that pmc2∆ 
dcr1∆ cells also maintain silencing of otr::ura4+ to some extent (Fig. 3.5A). Furthermore, there 
are higher levels of heterochromatin marks such as H3K9me and Swi6 proteins in pmc2∆ dcr1∆ 
cells than in dcr1∆ cells (Fig. 3.5B).  In addition, pmc2∆ dcr1∆ cells partially rescue TBZ 
sensitivity associated with dcr1∆ (Fig. 3.5A). However, pericentric heterochromatin in pmc2∆ 
dcr1∆ cells is not as stable as in mst2∆ dcr1∆ cells and silencing gradually deteriorates during 
passages (unpublished data). We thus further examined the stability of the silenced states with an 
otr::ade6+ reporter gene, the silencing of which results in the formation of red colonies when 
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cells are grown in low adenine medium. The culture of freshly made pmc2∆ dcr1∆ cells contains 
a mixture of red- and white-colony-forming cells, indicating silenced and expressed states of 
ade6+ respectively (Fig. 3.5C), demonstrating that pmc2∆ dcr1∆ cells can maintain 
heterochromatin structures. While further growth of red cells gives rise to both red and white 
cells, white cells cannot revert to red cells (unpublished data), indicating that these cells maintain 
heterochromatin only partially, but cannot re-establish heterochromatin once lost. As a result, the 
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proportion of pmc2∆ dcr1∆ cells that retain silencing is gradually reduced upon continued 
growth (unpublished data). The effect of pmc2∆ dcr1∆ on transcription at pericentric regions is 
weaker than that of mst2∆ dcr1∆ (Fig. 3.S10). Thus, it seems that the ability to maintain 
heterochromatin in the absence of RNAi is correlated with the extent of reduction in RNA Pol II 
transcription. Altogether, these results support our conclusion that reduced levels of RNA Pol II 
and transcription are critical to maintaining heterochromatin in the absence of RNAi (Figure 5D).  
Proper kinetochore assembly at centromeres is essential for accurate chromosome 
segregation (Allshire and Karpen 2008; Malik and Henikoff 2009), and the integrity of 
pericentric heterochromatin is critical for establishing functional centromeres (Malik and 
Henikoff 2009; Buscaino et al. 2010). Despite their essential functions, however, neither 
centromeric nor pericentric DNA sequences are evolutionarily conserved (Malik and Henikoff 
2009). In multicellular eukaryotes, it has been suggested that meiotic drive, in which asymmetry 
Figure 3.5. Loss of RNA Pol II Mediator component Pmc2 bypasses the requirement of the 
RNAi machinery for heterochromatin assembly. (A) Ten-fold serial dilutions were 
performed to measure the expression of otr1::ura4+ and the sensitivity to TBZ. The pmc2∆ 
dcr1∆ otr::ura4+ strain was generated by crossing a pmc2∆ dcr1∆ strain with an otr::ura4+ 
strain and freshly germinated cells were used for serial dilution assays and ChIP analysis. 
(B) ChIP analysis of H3K9me2 and Swi6 levels at otr1::ura4+. (C) The pmc2∆ dcr1∆ 
otr::ade6+ strain was generated by crossing a pmc2∆ dcr1∆ strain with an otr::ade6+ strain 
and ten-fold serial dilutions of freshly germinated yeast cells were spotted onto low adenine 
media (YE) to measure the expression of otr1::ade6+. (D) A model of heterochromatin 
maintenance in the absence of RNAi-mediated heterochromatin establishment. Top, in wild 
type cells, S-phase specific transcription results in the production of siRNAs and continued 
recruitment of CLRC to pericentric regions to re-initiate heterochromatin assembly. In 
addition, preexisting H3K9me (blue flags) is randomly distributed into newly replicated 
DNA during DNA replication, which helps recruit CLRC to methylate newly deposited 
histones, resulting in inheritance of this epigenetic state. Middle, in RNAi mutants, higher 
levels of transcription result in the incorporation of histones without H3K9me or with other 
modifications (red lollipops). Without RNAi-mediated re-initiation, the absence of “seed” 
H3K9me after DNA replication to recruit CLRC prevents restoration of H3K9me patterns, 
and the heterochromatin state is not maintained. Bottom, in the absence of RNAi, reducing 
transcription slows nucleosome turnover, allowing maintenance of H3K9me patterns after 




in female meiosis leads to the retention of only one of four meiotic products, promotes rapid co-
evolution of centromeric and pericentric DNA sequences (Malik and Henikoff 2009). Fission 
yeast, which engages in symmetrical meiosis, nevertheless has significant differences of 
centromeric and pericentric DNA organization even among different isolates (Steiner et al. 
1993). Thus, there must be additional mechanisms responsible for accelerated evolution of 
centromeric and pericentric sequences. The highly homogeneous and tandemly arranged 
repetitive DNA elements common to pericentric regions are best explained by extensive 
recombination (Peng and Karpen 2008; Talbert and Henikoff 2010). However, these repeats are 
preferred targets for the assembly of heterochromatin, which strongly represses recombination 
(Peng and Karpen 2008; Ellermeier et al. 2010). Our data suggest that competing forces, such as 
the Mst2 complex and the RNAi machinery, regulate heterochromatin stability and thereby the 
efficiency of meiotic recombination at pericentric regions, which might permit fine-tuned 
evolution of pericentric sequences. Histone acetyltransferases in the MYST family are highly 
conserved across species, making it plausible that similar mechanisms regulate the evolution of 
pericentric heterochromatin in multicellular eukaryotes. 
Materials and Methods 
Fission yeast strains and genetic analyses  
Yeast strains containing deletions of Mst2 complex components (mst2∆, nto1∆, and ptf2∆) and 
epitope-tagged versions of proteins (Nto1-myc and Raf2-Flag) were constructed using a PCR-
based module method (Bähler et al. 1998). Strains containing deletions of RNAi or 
heterochromatin components (arb1∆, arb2∆, cid12∆, rsh1∆, stc1∆, rik1∆, raf1∆, raf2∆, swi6∆, 
chp2∆, mit1∆, sir2∆, and pmc2∆) were purchased from Bioneer, verified via PCR and 
backcrossed. Genetic crosses were used to construct all other strains. For serial dilution plating 
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assays, ten-fold dilutions of a log-phase culture were plated on the indicated medium and grown 
for 3 days at 30 °C. The loss rate of minichromosome Ch16 was assayed as described previously 
(Hou et al. 2010). Meiotic recombination assays were performed as described previously 
(Ellermeier et al. 2010). Tetrad analysis was used to measure the recombination frequency. The 
generation of DNA double-strand breaks during meiosis was analyzed by Southern blot as 
described previously (Ellermeier et al. 2010). 
Chromatin immunoprecipitation (ChIP)  
ChIP analysis was performed as described previously (Hou et al. 2010). Immunoprecipitation 
was performed with H3K9me2 (Abcam), Swi6, H3K14ac (Millipore), Pol II (8WG16, Covance), 
myc (Covance) or Flag (Sigma) antibodies. DNA isolated from ChIP or whole cell extract was 
quantitatively analyzed by multiplex PCR with one primer pair amplifies different sized PCR 
fragments from otr1::ura4+ and the control ura4DS/E minigene. The ratios of signal intensities 
were used to calculate relative fold enrichment. Three biological repeats were performed for each 
ChIP experiment and error bars represent standard deviation unless otherwise noted. 
Representative gels are shown. 
RNA analyses  
Total cellular RNA isolation, semi-quantitative RT–PCR and quantification with real-time RT-
PCR was performed as described previously (Hou et al. 2010). Microarray analyses were 
performed as described previously (Lyne et al. 2003). The gene expression profile of dcr1∆ 
(Hansen et al. 2005) was also included for comparison. Northern blot of siRNAs was performed 
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Supplemental Data: Elimination of a specific histone H3K14 acetyltransferase 
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Figure 3.S1. A model for the regulation of heterochromatin assembly at pericentric 
regions. RNAi and histone H3K9 methylation form a feedback mechanism to strengthen 
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Figure 3.S2. Time course of meiosis-specific double-strand break (DSB) formation in 
indicated strains (pat1-114 rad50S ade6-3049 plus the indicated mutations). Cells were 
induced for meiosis and harvested every hour as they enter meiosis. DNA was extracted, 
digested with BglI, and analyzed for DSBs by Southern blot analysis. Arrow indicates the 
unbroken BglI fragment (~125 kb) and * indicates a rDNA fragment (10.9 kb). The faint 
ladder of bands in WT, mst2∆ dcr1∆ at all times and in dcr1∆ at 0-3 hours likely 
represents low levels of rearrangement at centromeric and pericentric regions, since they 
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Figure 3.S3. Loss of Mst2 bypasses the requirement for the RNAi machinery for proper 
chromosome segregation. Ten-fold serial dilution plating assays were performed to 
measure the sensitivity of cells to TBZ. 
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Figure 3.S4. Top, Northern blot analysis of siRNAs derived from pericentric dh repeats. 
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Figure 3.S5. RNAi limits the abundance of the Mst2 complex at pericentric regions. (A) 
ChIP analysis of Nto1-myc at pericentric regions in the presence or absence of Dcr1. (B) 
H3K9me does not affect histone acetyltransferase activity of the Mst2 complex. 
Nucleosomes were assembled with recombinant histone H3 or H3 containing different 
degrees of H3K9me. Histone acetyltransferase assays were performed with purified Mst2 
complex in HAT assay buffer (50 mM Tris-HCl, pH 8.0, 5% glycerol, 0.1 mM EDTA, 
pH8.0, 50 mM KCl, 10 mM sodium butyrate) with [3H] acetyl-CoA at 30°C for one hour. 
The gel was incubated with EN3HANCE autoradiography enhancer, dried and exposed to 
film. Arrow indicates the position of histone H3. Coomassie blue staining was also 
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Figure 3.S6. Gcn5 is not involved in regulating centromere recombination. The rate of 
recombination was measured as the percentage of spores that showed non-parental 
segregation of the ura4+ and his3+ markers. The total number of colonies counted is 
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Figure 3.S7. The histone H3K14R mutation affects Swi6 localization at pericentric 
heterochromatin independent of H3K14 acetylation. (A) Ten-fold serial dilution assays of 
the indicated strains were performed to measure the expression of otr::ade6+. Silencing 
of ade6+ expression results in red colonies when cells are grown on low adenine medium. 
(B) Ten-fold serial dilution assays of the indicated strains were performed to measure the 
expression of otr::ura4+. (C) Immunofluorescence analysis of indicated strains with a 
Swi6 antibody. DNA was visualized by DAPI. Merged images of Swi6 and DAPI are 
also shown. (D) Whole cell extracts prepared from the indicated strains were subjected to 
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Figure 3.S8. (A) RT-PCR analysis of dh transcripts. –RT, no reverse transcriptase. The 
transcript of levels of actin (act1) was used as controls. (B) ChIP analysis of Raf2-Flag 
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Figure 3.S9. Localization of Nto1-myc during the mitotic cell cycle. cells harboring a 
cdc25-22 mutation were first grown at 26°C to mid-log phase, followed by growth at 
37°C for 4 hours to synchronize the cell cycle. The culture was then shifted to 26°C, and 
samples were taken every 30 minutes for ChIP analysis to measure Nto1-myc levels at 
otr::ura4+ (A) and to determine septation index (B). ChIP enrichment values are averages 
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Figure 3.S10. (A) RT-PCR analysis of dh transcripts. –RT, no reverse transcriptase. The 
transcript of levels of actin (act1) was used as controls. (B) Real-time RT-PCR analysis 
of centromeric dh transcript levels.  
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Table 3.S1. Microarray analysis of genes involved in heterochromatin assembly. 
Sytematic name Common name dcr1∆mst2∆ dcr1∆ mst2∆ 
RNAi 
SPCC188.13c dcr1  0.15 0.96 SPCC736.11 ago1 0.97 1.01 0.99 
SPAC140.03 arb1 1.11 0.75 1.02 
SPAC13G7.07 arb2 0.98  1.18 SPBC83.03c tas3 1.04 1.05 1.04 
SPAC18G6.02c chp1  1.07 0.88 SPAC6F12.09 rdp1 1.17 1.01 0.91 
SPCC663.12 cid12  1.03  SPCC1739.03 hrr1 1.06 1.28 0.86 
SPCC1393.05 rsh1; ers1 1.11 0.97 0.71 
SPBP8B7.28c stc1 1.07 0.94 0.86 
CLRC 
SPBC428.08c clr4  1.04 0.71 SPAC3A11.08 pcu4; cul4 1.00 1.00 0.93 
SPCC11E10.08 rik1 0.87 1.00 0.88 
SPCC613.12c raf1; cmc1; dos1; clr8 1.07 1.00 0.62 
SPCC970.07c raf2; cmc2; dos2; clr7 1.02 1.08 1.02 
Chromo domain proteins 
SPAC664.01c swi6 1.01 0.99 0.99 
SPBC16C6.10 chp2 1.11 0.99 1.22 
SHREC 
SPBC2D10.17 clr1 0.53 1.02 0.99 
SPAC1B3.17 clr2 0.88 0.94 0.98 
SPBC800.03 clr3 0.98 0.89 1.01 
SPBP35G2.10 mit1 1.08 1.19 1.23 
SPCC188.07 ccq1 1.17 1.01 1.05 
HDACs 
SPBC16D10.07c sir2 1.01 0.97 0.98 
SPBC36.05c clr6 0.91 0.98 0.86 
Cenp-B 
SPAC9E9.10c cbh1 0.91 0.94 1.07 
SPBC1105.04c cbp1; abp1 0.93 0.94 1.02 
SPBC14F5.12c cbh2 1.14 1.08 1.08 
anti-silencing/enhancers of silencing 
SPCC622.16c epe1 1.08 1.09 0.65 
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When I started graduate school, my research was focused on dissecting the 
function of PWWP domain proteins and their complexes. Sequence analysis of the 
uncharacterized PWWP domain indicated that it might have similar function to other 
Royal family proteins (Maurer-Stroh et al., 2003), and there are three PWWP domain 
proteins in fission yeast with unknown function. My thesis work started with the 
characterization of the role of Pdp1 in regulating Set9 mediated histone H4K20 
methylation (Wang et al., 2009), and subsequently, my research moved to the 
characterization of another PWWP domain protein, Pdp3. We discovered that Pdp3 forms 
a stable complex with the histone acetyltransferase Mst2, and this led to my work 
studying the function of Mst2 complex in regulating the DNA damage response (Wang et 
al., 2012). From here, my research focus evolved to the study of the role of Mst2 in 
regulating RNAi-mediated heterochromatin assembly, inspired by the genetic interaction 
between mst2 and dcr1 (Reddy et al., 2011).  
Conclusions 
Elucidating the function of the PWWP domain 
Histone H4 Lysine 20 methylation is a highly conserved mark: in mammals it is 
catalyzed by PR-Set7/8, Suv4-20h1, and Suv4-20h2 (Wang and Jia, 2009). In fission 
yeast, only one enzyme is responsible fore catalyzing this mark, Set9 (Sanders et al., 
2004). Despite this, very little was known about the mechanisms regulating Set9 function 
and activity. Through affinity purification, we found that Set9 forms a complex with the 
PWWP domain protein Pdp1. We further found that Pdp1 is required for Set9-mediated 
H4K20 methylation and H4K20methylation mediated DNA damage checkpoint 
activation.   
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The PWWP domain is a conserved member of the Royal family of proteins, and 
previous work suggested that the PWWP domain might have DNA or histone binding 
activity (Yang and Everett, 2007). As many Royal family proteins bind methylated 
lysines (Taverna et al., 2007), we hypothesized that Pdp1 might bind methylated lysines, 
and that this might regulate Set9 function. Indeed, mutations of predicted methyl-binding 
pocket affected Set9 activity. Subsequently, we performed binding assays and determined 
that the PWWP domain of Pdp1 specifically binds to H4K20me1, and that this binding is 
critical for Set9 to catalyze H4K20me3.  
Despite the importance of H4K20 methylation in the DNA damage checkpoint, 
little was known about how this mark is regulated. Our work explored the regulation of 
Set9, the enzyme that catalyzes this mark, and it provides the first conclusive evidence 
that this domain recognizes and binds a methylated lysine residue, in this case 
monomethylated H4K20. Subsequent research has corroborated our central thesis, that 
the PWWP domain binds methylated lysines (Dhayalan et al., 2010; Vezzoli et al., 2010; 
Wu et al., 2011).  
There are a number PWWP domain containing proteins in higher eukaryotes 
whose binding specificity remains uncharacterized, including DNMT3a, NSD1, NSD2, 
WHSC1, and MSH6 (Stec et al., 2000). NSD1 and NSD2 are both SET domain proteins, 
and while the function of their PWWP domain is unknown, it is a general theme for 
chromatin binding modules to be associated with chromatin modifiers. Many of these 
proteins have been implicated in human diseases; in fact a mutation in the PWWP 
domain of MSH6 has been linked with hereditary non polyposis colorectal cancer 
(Kariola et al., 2002; Laguri et al., 2008), and a missense mutation in the PWWP domain 
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of DNMT3B causes the ICF syndrome (Shirohzu et al., 2002). Further analysis of peptide 
binding specificity of these proteins may elucidate the functionality of the PWWP 
domain in disease pathogenesis.  
Pdp3 forms a stable comples with Mst2, a H3K14 acetyltransferase  
In addition to Pdp1, there are two other uncharacterized PWWP domain proteins 
found in fission yeast: Pdp2 and Pdp3. To gain insight into how Pdp3 might function, we 
sought to identify its interaction partners by affinity purification. We found that Pdp3 
forms a stable complex with six other proteins, one of which was Mst2, a putative 
MYST-family histone acetyltransferase. We demonstrated that Mst2 is a histone 
acetyltransferase highly specific for H3K14ac, which functions in collaboration with 
Gcn5 to maintain global levels of H3K14ac (Wang et al., 2012). Although not presented 
in this thesis, our work characterizing the Mst2 complex led to our study of the RNAi-
mediated heterochromatin assembly.  
Eliminating Mst2 bypasses the RNAi pathway in heterochromatin maintenance 
The RNAi pathway has a long established role in the heterochromatin assembly in 
multiple organisms (Grewal, 2010; Grewal and Jia, 2007; Matzke and Birchler, 2005; 
Moazed, 2009).  In fission yeast, eliminating any member of the RNAi pathway disrupts 
heterochromatin (Volpe et al., 2002), and results in an increase in H3K14ac at the 
pericentric repeats (Sugiyama et al., 2007). We hypothesized that we might be able to 
bypass RNAi mutant defects in heterochromatin assembly by eliminating an H3K14 
acetyltransferase. We generated mst2∆ dcr1∆ strains and assayed them for 
heterochromatin assembly defects, including heterochromatic reporter silencing and 
enrichment of H3K9me2 and Swi6 at the pericentric region. Double deletion strains had 
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near wild-type levels H3K9 methylation and Swi6 at the pericentric repeats, and 
consistent with this, they had reduced chromosome-segregation defects. We further 
determined that mst2∆ is capable of bypassing the requirement for any member of the 
RNAi pathway in heterochromatin formation, but no other heterochromatin components. 
This circumvention was Mst2-activity dependent, as point mutations in the active site of 
the gene had rescue similar to mst2∆ strains. Additionally, there was an increase in Mst2 
localization to the pericentric region in dcr1∆, suggesting that this is a direct effect. 
H3K14ac is typically associated with active gene transcription and PolII localization 
(Pokholok et al., 2005), so we posited that eliminating other proteins involved in active 
transcription might bypass the RNAi. Corroborating this idea, Mediator complex 
mutations are also capable of bypassing the RNAi pathway. 
RNAi has a recognized role in the establishment of heterochromatin structures 
(Hall et al., 2002), but until the work presented here, it was unclear if it played a role in 
the maintenance of heterochromatin. Our work demonstrates that the RNAi pathway does 
indeed play a role in the maintenance of heterochromatin, and that role is to limit Mst2 
access to the pericentric repeats.  
Heterochromatin is the classical example of an epigenetic state. It can be 
established de novo, and it can be passed on from one generation to the next. However, 
this passage is dependent on nucleation after every cell cycle by a number of factors, 
including transcription and the RNAi pathway. My work demonstrates that 
heterochromatin can be maintained in the absence of RNAi (Sarkies and Sale, 2012). 
Moreover, it suggests a model for the evolution of centromeric sequences, and it 
describes a new function for RNAi.  
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Future Directions 
Set9 Histone Methyltransferase Activity 
While our work on the PWWP domain addresses a substantial gap within the 
field, it raised several interesting questions. For example, we understand that the Set9-
Pdp1 interaction is necessary to catalyze all H4K20 methylation in fission yeast, and we 
understand that Pdp1 stabilizes Set9 interaction with the chromatin by binding 
H4K20me1. However, we do not understand how Pdp1 directly affects Set9 activity. We 
tried to address this question biochemically, but Set9 has weak in vitro activity (Sanders 
et al., 2004), and our lab was unsuccessful in recapitulating methylation assays with the 
Set9 complex. This prevented us from studying how the Pdp1-Set9 interaction or Pdp1-
H4K20me interaction might affect complex activity.  
One possible reason is that the Pdp1-Set9 complex might only have activity 
during a specific stage of the cell cycle, most likely during S-phase, when new 
synthesized histones need to be methylated. It is also possible that other factors associate 
with Set9, but were washed away during our stringent purification. Designing new 
affinity purification schemes might help to recapitulate Set9 activity in vitro, allowing 
detailed characterization of Pdp1 function.   Another possibility is that we are not using 
the appropriately primed substrate, such as nucleosomes that contains H4K20me1.  We 
recently acquired strains with mutations in set9 that inhibit the protein from catalyzing 
states higher than mono-methylation.  In the future, we can use nucleosomes isolated 
from this strain in an in vitro histone methyltransferase assay. A functioning assay would 
enable us to design experiments to test mono-methyltransferase activity.  
 
	   128	  
Pdp2 and Pdp3 binding specificity 
Similar to our work with Pdp1 and Pdp3, we sought to determine the function of 
Pdp2 by identifying its interaction partners. We performed affinity purification of Pdp2, 
and found that the protein strongly associates with the histones and RNA PolII subunits. 
Consistent with this result, microscopy studies show that Pdp2 has a strong nuclear 
localization. However, we have not been able to determine any biological function for 
this protein as pdp2∆ has no obvious phenotypes in various conditions tested. 
Determining the binding specificity of Pdp2 might give us insight into how it functions, 
but our attempts have been unsuccessful thus far. New peptide arrays may provide a 
solution to this problem. These arrays contain multiple types of histone modifications, 
enabling researchers to assay for peptide binding specificity across a multitude of 
peptides in a single experiment.  
Targeting Mst2 to the pericentric repeats 
One of the unanswered questions of by my work regarding heterochromatin 
assembly is the physiological target of Mst2. Point mutations in mst2 that affect its 
enzymatic activity, without destabilizing the complex, were capable of bypassing the 
RNAi pathway in the maintenance of heterochromatin. Our work showed that Mst2 
specifically acetylated H3K14 when nucleosomes were used as substrate. But Mst2 might 
acetylate proteins other than histones, similar to many histone modifiying enzymes. The 
best experiment to test whether H3K14 is the sole substrate of Mst2 at heterochromatin is 
to introduce a  H3K14R point mutation to see if it affects heterochromatin assembly in 
RNAi mutants.  However, the H3K14R mutation affects heterochromatin assembly, 
independent of H3K14 acetylation, (Mellone et al., 2003), so such a hypothesis cannot be 
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tested. In the future, it might be possible to address this concern by artificially tethering 
both S. pombe H3K14 acetyltransferases, Mst2 and Gcn5 to the pericentric region. If 
tethering either Mst2 or Gcn5 to the repetitive DNA elements disrupts heterochromatin 
formation, this would imply that mst2∆ dcr1∆ heterochromatin rescue is dependent of 
H3K14ac.  
RNAi suppressor screens 
The identification of mst2∆ and other mutations as suppressors of RNAi lead us 
to develop a high-throughput screen to find novel suppressors of the RNAi pathway. 
Classically, genetic interaction experiments were used to determine the functional 
pathway of a given gene, but the availability of a fission yeast gene deletion library  
consisting of ~3500 single gene deletions, enable researchers to perform these 
experiments on an unprecedented scale. (Kim et al., 2010),.  
To identify new suppressors of RNAi mutants, we created a two-step modification 
of the plate based Synthetic Genetic Array (SGA) technology (Roguev et al., 2007). In an 
SGA, the deletion library is crossed with a query strain containing an individual mutation 
using a robot against another strain. This results in an array of double deletion strains, 
enabling researchers to assay the growth of every possible double mutant for any given 
gene(Roguev et al., 2007). This technique was originally developed to identify pair-wise 
genetic interactions 
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between gene deletions. We adapted this technology to introduce heterochromatically 
silenced reporters, linked to Nourseothricin resistance cassette (Fig. 4.1A), into the gene 
deletion library (Fig. 4.1B). The resulting array is a library of mutants containing a 
Figure 4.1. Screen to find gene deletions that affect mating type heterochromatin (A) 
A schematic diagram of the mating type region and the kint2::ura4+ reporter gene. (B) 
Flow diagram for Synthetic Gene Array screen. (C) A representative examples of two 
known heterochromatin proteins that affect mating type silencing. (D) A list of the 
known proteins that were identified by this screen 
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reporter. Subsequent pinning to media lacking uracil or containing FOA would reveal 
mutations that affect silencing (Fig. 4.1C). We can then cross this library against a dcr1∆ 
strain, and look for strains that can maintain reporter silencing.  
As a test of principle, I screened the S. pombe deletion library for mutants that 
affect silencing at the silent mating type region. I identified nearly every component 
known to affect silencing (Fig. 4.1D), indicating that our method is an effective way to 
discover genes that affect silencing. This data suggests that this method of screening is 
both a comprehensive and accurate way to find genes that affect heterochromatin 
assembly. Other researchers in the lab have performed the second step of this SGA, and 
found several promising factors that appear to suppress the RNAi mutant defect. 
Concluding Remarks 
PWWP domain proteins play a critical role as regulators of chromatin structure 
and function. Mutations to the PWWP domain of several human proteins has been linked 
to several diseases. The work presented in this thesis clearly demonstrates that the 
PWWP domain functions a novel class of methyl-lysine binding motifs. Furthermore, 
multiple complexes contain PWWP domain proteins, and these complexes function as 
regulators chromatin-related processes. 
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